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Abstract—The purpose of this paper is to present an innovative
methodology for 3-D soil stratification based on geoelectrical
prospection. This methodology is useful in optimal substation
grounding system designs by providing an accurate 3-D soil resis-
tivity model. In the present methodology, the area being studied
is subdivided into squared subareas and a recently developed
geoelectrical prospection method based on the Wenner’s method
and on a genetic algorithm is applied to each subarea’s edge.
For each subarea, the soil stratification result consists of the
number of layers and of its electrical resistivities and thicknesses.
A global 3-D soil stratification solution is then obtained from these
data. Results obtained with this new method are presented and
discussed.

Index Terms—Grounding systems, inverse problems, 3-D soil
stratification.

I. INTRODUCTION

T HERE ARE a wide variety of geoelectrical prospecting
methods, most of which are not well known nor widely

applied, except for some procedures that have achieved a wide-
spread maturing on the practical aspects [1], [2]. Moreover, it
should be noted that the various methods are independent tech-
niques but they are all derived from the same model, whose solu-
tion is needed to interpret measurements of potential difference

, corresponding to a flow of current injected through the ex-
isting geological structures in loco [3], [4].

These geological structures significantly affect electrical
grounding systems. The soil chemical composition varies over
time, being closely linked to the weather, causing uncertainty
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on the value of the electrical resistivity and eventual changes in
the electrical parameters of the grounding system [5], [6]. This
uncertainty in each soil layer resistivity is a major problem in
designing an electrical grounding system and even through field
tests, there is no guarantee that it will remain stable over time
[7], [8]. To understand how the geologic structure of a particular
location affects the design of an electrical grounding system, it
is necessary to know the soil structure and its composition [9].

The geoelectrical prospecting methods are practical applica-
tions of Maxwell’s equations, which enable obtaining the ap-
parent resistivity curve, raised experimentally by measurements
in loco. This curve is the basis of all methods of soil stratifica-
tion in layers of different electrical resistivity [10].

The model of parallel homogeneous layers meets the need for
electric grounding designs, giving a qualitative and sometimes
quantitative insight of the soil structure and its electrical prop-
erties. There will always be uncertainty about the measurement
of the electrical resistivity of the soil, because the model of ho-
mogeneous horizontal layers does not always correspond to the
real geological formation [3], [6], [9].

With an accurate soil stratification model, it is possible to
develop safer electrical grounding systems. This paper presents
a new method for 3-D geoelectrical stratification of the soil in
multiple horizontal layers. This new method is more accurate
than traditional methods [9], because the soil is characterized
in three dimensions, increasing the resolution of the electrical
properties of the soil model.

The basic idea of the proposed methodology is to divide a
large area into several subareas, in order to “discretize” the strat-
ification and decrease the uncertainty of the soil layers resis-
tivity and thickness. The analysis of results confidence obtained
from the 3-D stratification makes it possible to identify areas
in a substation where depth, spacing, and thickness of conduc-
tors should be changed in order to improve the grounding grid
design.

In Section II, some mistakes associated with the traditional
methods are discussed. In Section III, the direct and inverse pro-
cesses of horizontal soil stratification are described and the new
method for 3-D stratification is shown. Section IV presents the
obtained results and, finally, Section V presents the conclusions.

II. CONSIDERATIONS AND SOME COMMON MISTAKES

INHERENT TO GEOELECTRICAL PROSPECTION

The Wenner’s method is the usual performed test to collect
field data. It is accepted that in homogeneous soils, the elec-
tric current injected through the outer electrodes flows down
to a depth of the order of magnitude of the electrodes spacing.
Therefore, for homogeneous soils, the depth of stratification is
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Fig. 1. Representation of a soil with homogeneous layers being analyzed with
the Wenner’s method and equivalent concentrated parameters of the resistance
of the soil.

approximately . On the other hand, in the case of heteroge-
neous soils, this idea does not hold, for the current penetration
will depend on other factors.

Soils with higher humidity content have lower electrical re-
sistivity. The electric current may be conducted through wet
soil in two main ways [11]. One way is the interstitial water
which contains dissolved electrolytes. Another way is through
mobile cations that exist near the surface of the soil particles that
are electrically charged. These cations react chemically with the
water, producing new chemical elements that are more electri-
cally conductive. This effect, in acid soils , is very
important and is responsible for a huge variation of the elec-
trical resistivity with the humidity of that soil. If the soil is al-
kaline , the soil humidity variation has little effect on
the value of the soil electrical resistivity. For this reason, it is
then very important to know the soil for grounding design
purposes.

The Wenner method and the soil hypothetical model are illus-
trated in Fig. 1. Current injection electrodes and voltage mea-
surement electrodes of length are equally spaced by a
distance . The soil is considered to have homogeneous
layers. The th soil layer has thickness and resistivity

. The th layer has infinite thickness. The apparent
soil resistivity curve is given by [3], [5], [6]

(1)

where has a dimension of resistance and represents the
quotient of measured voltage by injected current in the
Wenner arrangement—Fig. 1. The first mistake in interpreting
the Wenner method’s results is concerned with . Sinces it is
not possible to measure the voltage in the points of current in-
jection or to inject current in the points of voltage measurement,

is defined as an apparent resistance and its definition should
not be confused with Ohm’s concept of resistance.

Another common problem occurs in determining the resis-
tivity of the first layer . The methods usually employed ex-
trapolate the experimental curve of for 0. When
the curve does not have a smooth behavior, the extrap-
olation leads to a wrong prediction of the resistivity of the first

Fig. 2. Curves � ��� for soils with two or more layers �, with different re-
flections coefficient � . (a) � always increasing. (b) � always decreasing.

layer. Purely mathematical methods do not take into consider-
ation the physical characteristics of the soil and its resistivity
measuring system. Even a small error in propagates into the
rest of the stratification. An unacceptable error in the value of

fatally invalidates the rest of the soil stratification results.
When the soil has more than two layers, other problems

arise. Indeed, the geoelectrical prospecting methods reported
in the literature, from the more complex to the more simple
ones, such as the graphics method, all produce significant errors
[11]–[13]. The existing methods are based on the experimental
apparent resistivity curve for two layers. The problem
with these methods is the fact that they assume that experi-
mental apparent resistivity curves with one inflection
point corresponding to soils with only two layers [1], [3], [6].

The curves shown in Fig. 2 represent two-layer soils. In this
figure, is the reflection coefficient, defined by

(2)

Although two-layer soils can be represented by the curves
in Fig. 2, the opposite is not always true (i.e., such curves do
not necessarily represent two-layer soils). This is easy to un-
derstand assuming, for example, a soil consisting of three or
more layers, in which resistivities grow from the first to the last
layer. In this case, the apparent resistivity is a monoton-
ically increasing function as the curve shown in Fig. 2(a). Also,
the curve in Fig. 2(b) is a monotonically decreasing function,
which could represent a soil consisting of three or more layers,
in which resistivities decrease from the first to the last. As a con-
sequence, the number of inflections of the curve are not
always associated with the number of layers . On the basis of
this consideration, by interpreting the curves of Fig. 2 as
corresponding to a stratified soil with only two layers, a signifi-
cant modeling error may be committed. In this paper, this curve
interpretation error is called the a priori error.

Another mistake is inherent to the fact that the adopted soil
model does not correspond to the real soil geological formation.
The horizontal layers model is not true, for example, for a soil
having a vertical crack. This situation is not predicted by the
traditional stratification analysis.

It is important to note that in developing any mathematical
or computational model to stratify the soil, the input data to the
problem are just the values of the experimental curve .
The results to be obtained are the number of layers , the th
layer resistivity , and thickness . For the th layer, is
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considered to be infinity. The problem is then mathematically
defined as

(3)

A well-known soil stratification method that does not avoid
the a priori error because it assumes that increasing and de-
creasing sections of the curves of Fig. 2 correspond to
two layers soil stratification is based on (4), [1], [3], and [6]

(4)

where is given by

(5)

where is the thickness of the first layer, see Fig. 1.
One form of stratification proposed by Sunde [6] can be ob-

tained by

(6)

where is the characteristic function that defines the hetero-
geneous soil structure and is the Bessel function of order
zero.

Equation (6) is a result of the propagation of the current
density field through successive layers of different resistivity.

is required to calculate the apparent resistivity curve corre-
sponding to an already stratified soil and combines transmission
coefficients on the boundary between layers. is univocally
determined by the thicknesses, resistivities, and number of
layers [9]. While (4) is specifically applied to two-layer soils,
(6) is valid for soils of any number of layers.

III. METHODOLOGY

When solving problems by direct methods (direct problem),
analytical or numerical techniques can be used. The solutions
are the effects which are calculated based on the full description
of its causes [15]. For soil stratification, the direct problem can
be mathematically described by

Direct Problem (7)

In the proposed methodology, the direct problem seeks the
theoretical curve using Sunde’s formulation (6). The
technique involves the calculation of the transmission coeffi-
cients and the reflection coefficients for the th layer,
as illustrated in Fig. 3.

The inverse problem consists in finding possible causes (un-
known) based on the observation of its effects (known) [16]. In
the case of the soil stratification problem, the observed effect
(known) is the experimental curve and the causes (un-
known) are the number of layers , the resistivity , and the

Fig. 3. Soil stratification direct problem (Sunde’s algorithm—partial).

Fig. 4. Soil stratification process (direct and inverse problems).

thickness of the th layer. The inverse problem is then math-
ematically described by

Inverse Problem (8)

Fig. 4 illustrates the direct and inverse problems applied to
the process of soil stratification.

A. Genetic Algorithm (GA)

To solve the inverse problem, a GA is used, which is a
heuristic iterative optimization method. The first population of
the iterative process is obtained from an individual which is
given by a first trial stratification using, for instance, Pirson’s
method [17]. This individual has the information of the first
trial number of layers , resistivity , and the thicknesses
of each layer [9].

In this paper, the GA used is a real-coded GA [18]. The pop-
ulation is fixed with 20 individuals and the method of selec-
tion is the tournament. Two genetic operators are used: simple
crossover and nonuniform mutation [19]. The population is di-
vided into two parts, a population of resistivities and the other is
thicknesses, which come together to be evaluated. The crossing
rate is 70% 20% and the rate of mutation , is
1% 30%.
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Fig. 5. GA iterative process.

In order to compute the fitness of the individuals of the gen-
eration under study, the direct problem is applied to each indi-
vidual, and theoretical curves are obtained. These curves
are then compared with the experimental curve with the
use of the evaluation function given by

(9)

where is the number of times the Wenner’s method is applied
at that location, that is, the number of known points of the curves

and . The process is repeated iteratively until one
of the stopping criteria are satisfied. Two criteria are used as
follows.

1) The fitness of the population is less than a certain target
value (in this paper, ).

2) The number of generations is too large (max 80).
The GA iterative process is illustrated in Fig. 5. Each new

population is generated using crossover and mutation operators
[9], [20].

B. Practical Procedures

In order to obtain a 3-D soil stratification, the area to be strat-
ified is subdivided into smaller subareas of meters,
as shown in Fig. 6. The Wenner’s method is then applied at
each edge of the subareas. In the cases presented in this paper,
four measurements are performed in each side of the square
areas. For each measurement, the chosen spacing between elec-
trodes is 0.3, 0.5, 0.9, and 1.5 m. These values of are chosen
in order to validate the proposed method. However, a deeper
stratification can be obtained by increasing the spacing between
electrodes

The number of times the Wenner’s method is to be performed
is given by

(10)

where and and . and are the
width and length of the area to be stratified, as shown in Fig. 6.
Note that and should be multiples of .

Fig. 6. Subdivision (discretization) of the chosen area for the stratification.

Thus, each subarea edge is then stratified considering the soil
constituted by homogeneous layers, and the parameters ,
and are calculated for all edges [21].

Each subarea is attributed to its own stratification parameters
( , , and ) by averaging the parameters of its four edges
stratification. For visualization purposes, the results obtained for
the thicknesses of the layers in contiguous subareas are interpo-
lated. In this paper, a cubic spline surface interpolation is used.
The control points of the splines are taken at the edges of each
subarea.

At the end of the 3-D stratification process, a representative
resistivity and thickness are assigned to each (global) layer
corresponding to the mean values of the resistivity and thick-
ness of each layer of all subareas. These values can be pre-
sented in a table or graphical form. It is also useful to present the
sample standard deviations of the resistivities and of the thick-
nesses to quantify the dispersion of these values in the different
subareas.

It should be emphasized that the method proposed enables in-
ferring the layering of the soil down to a depth larger than the
Wenner’s method electrode spacing by using several measures
(a number greater than the number of layers) with different elec-
trode spacings and by considering a physical model with such
layering (with Sunde’s algorithm). The mean errors found in
the studied stratifications are less than the mean errors obtained
when considering only a two-layer stratification.

The evaluation function is the error to be minimized in the op-
timization process. This error quantifies the quality of the strat-
ification obtained [9]. For each global stratification studied,
is also presented, the mean error found in the global stratifica-
tion process of all the subareas, which corresponds to the mean
of the differences calculated for all edges

(11)

IV. RESULTS

Since the proposed method utilizes the Wenner method, the
limiting in the depth is given by the distance between the cur-
rent electrodes. The places where the stratifications were made
belong to electromagnetism and electric grounding systems nu-
cleus research and development and are intended solely for con-
ducting scientific research. Four different case studies are pre-
sented here.

The first study concerns an area of 13.5 13.5 m and the
second study is an area of 22.5 22.5 m. The third and fourth
studies were conducted in two areas of 36 36 m. In all four
case studies, the subareas consisted of squares with 4.5 m.
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Fig. 7. First case 3-D interpolated stratification surfaces.

TABLE I
FIRST CASE STRATIFICATION RESULTS

The results of the stratification process are presented in plots
where the depth is represented in a color scale. A discussion
of the results is presented. For each stratification case, a table
is presented with the representative (mean) resistivity value
and thickness of each layer and their sample standard devi-
ations (SSD) [22], , and , respectively. These values
quantify the dispersion of the resistivity and thickness of each
layer among several subareas. Also, some applications present
the mean depths of the layers separation surfaces and their
sample standard deviations .

A. First Case Study

In the first case study, the analyzed area is divided into nine
subareas and the resistivity is measured in 24 locations over the
subareas edges, according to (10). In each location, four mea-
sures are taken for different rod distances, using the Wenner’s
method (0.3, 0.5, 0.9, and 1.5 m). The stratification obtained
consisted of three layers separated by the curved surfaces shown
in Fig. 7. The representative parameters (result) of the stratifi-
cation are shown in Table I. , the mean error found in this
global stratification, is equal to 3.51%.

B. Second Case Study

In the second case study, the analyzed area is partitioned into
25 subareas and the resistivity is evaluated in 60 locations. The
obtained stratification consists of three layers, separated by the
surfaces shown in Fig. 8. The parameters of the stratification are
shown in Table II. The mean error is equal to 3.16%.

C. Third Case Study

The analyzed area is divided into 64 subareas for the third
case study, and the resistivity is measured in 144 locations. The
stratification solution consisted of three layers. The surfaces
that separate the layers are shown in Fig. 9. The parameters of

Fig. 8. Second case 3-D interpolated stratification surfaces.

TABLE II
SECOND CASE STRATIFICATION RESULTS

Fig. 9. Third case 3-D interpolated stratification surfaces.

TABLE III
THIRD CASE STRATIFICATION RESULTS

the stratification are shown in Table III. For this case,
11.12%.

D. Fourth Case Study

Here, the analyzed area is also divided into 64 subareas. The
resistivity is evaluated in 144 locations. The stratification ob-
tained consists of four layers. The separate surfaces are shown
in Fig. 10, and stratification parameters are shown in Table IV.
For case IV, 2.85%.

E. New Ways of Displaying Stratification Results

Fig. 11 presents the stratification results of the four cases, al-
lowing an easy comparison of several global stratifications. The
diagrams show white lines that indicate SSD at each separation
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Fig. 10. Fourth case 3-D interpolated stratification surfaces.

TABLE IV
FOURTH CASE STRATIFICATION RESULTS

Fig. 11. Visualization of the four stratifications studied (layers mean depths,
corresponding SSD, and layers mean resistivities by color scale).

surface depth. The left vertical axis represents the depth scale
and the right vertical color scale represents the resistivity.

Table V presents the minimum and maximum depths of the
lower boundary surface of each layer, for the four cases, as found
by Wenner’s procedure. The analysis of Table V and Fig. 11 re-
sults can be useful to identify the adequate depth for the deploy-
ment of a ground grid.

Results from Table V and Fig. 11 are merged in one single
graphic in Fig. 12, where the stratification for case I is illustrated
as an example. This form of presenting horizontal stratification
data enables the identification of possible depths where soil with
resistivity can be found with a given probability.

F. Discussion of Results

It is observed in Figs. 8 and 9 that in some regions of the area,
the first layer vanishes. For a better visualization, the figure for
case II is redrawn in Fig. 13, and these regions are identified

TABLE V
MINIMUM AND MAXIMUM DEPTH VALUES OF EACH LAYER BOTTOM SURFACE

Fig. 12. Distribution of the layers’ depths for case 1 (in meters).

Fig. 13. Case 2—areas where the first layer almost vanishes.

by circles. In locations where the interpolation procedure found
negative thickness, this value is truncated to zero.

For a better analysis, the stratification surfaces for each sub-
area of case II are visualized without interpolation in Fig. 14.
It is verified that for the subareas where the first layer is less
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Fig. 14. Second case 3-D noninterpolated stratification surfaces.

than 0.3 m thick and the resistivity gradient between adjacent
subareas is high, the interpolation procedure leads to negative
thickness, which explains the emerging layers.

The areas of the four cases presented are relatively small and,
as a result, its subareas have the same number of layers. This
does not necessarily occur when the stratification is performed
over a larger terrain. What can happen in a large terrain is that
there may be the appearance or disappearance of a given layer
of soil, resulting in subareas with a different number of layers.
If this was the case with the present study, this phenomenon
could be easily identified by analyzing Table V. For instance,
if layer one disappears in some subareas, its minimum global
depth would be zero.

V. CONCLUSION

Three-dimensional stratification can be considered a CT
scan (computerized axial tomography) of the soil. This paper
presents a 3-D soil stratification methodology which was ap-
plied to four different practical stratification cases.

In substation grounding designs, where it is necessary to
choose the best location of a grounding grid, usually the de-
sign task seeks the best stratification model of the soil. The
horizontal layers in the model are considered to have homo-
geneous resistivities. In the proposed method, since the area
to be analyzed is subdivided into subareas, the stratification is
sectorized and, thus, the uncertainty about the soil resistivity
profile decreases, compared with the traditional stratification
process. As a result, by performing 3-D soil stratification, it is
possible to identify how deep vertical drivers should be placed,
and what the best size of the grounding grid should be in a
facility that is being designed.

Another situation where 3-D soil stratification could be ad-
vantageous is where the soil has oblique layers. In this case, the
traditional stratification process leads to model errors.

Stratification errors in each subarea can arise from two
sources, which are: 1) the computational process and 2) the
model of horizontal layers does not fit the soil geological forma-
tion. In the first case, the numerical errors that are observed are
in the range 2.9% 11.1%, which represents reasonable
values compared with errors usually accepted in practice.

In the second case, if the error was large, say, greater
than 30%, this would indicate that the soil does not fit the model
of horizontal layers due to the existence of blocks of rocks or

vertical cracks, for example. In the analyzed cases, the overall
errors are in the mentioned range, which indicates that each ob-
tained stratification matches the soil.

Repeating measurements on subareas where there is a large
error is suggested.

The biggest drawback in applying the proposed method is
the need to make a lot of measurements in the field. Depending
on the size of the area to be stratified, the number of measures
to be undertaken can make the process expensive if it is not
automated.

The results of this 3-D stratification method can be presented
in table format and visualized in various new graphic ways. Each
form of displaying the stratification results has its advantages
and disadvantages, depending on the intended purpose.
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