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Abstract: This work presents a methodology for horizontal soil stratification and a device for 3D
soil mapping using the discretization of the Wenner’s method. The methodology starts from the
application of the lateral profiling method in conjunction with the Wenner’s method to find the
experimental resistivity curve. The Sunde’s algorithm is used to construct the theoretical resistivity
curve. By utilizing these experimental and theoretical resistivity curves, it is possible to apply
the optimization process to find the parameters: electrical conductivity and thickness of each soil
layer. The area under study is discretized and the results related to all subareas are unified using
interpolation process. The whole process which results in 3D soil mapping may be automatically
produced using the proposed device.

Keywords: 3D mapping; soil stratification; Wenner’s method; Sunde’s algorithm; optimization
process; lateral profiling

1. Introduction

Several methods are used for soil mapping according to their approach, invasive or
noninvasive, and their purpose, as material identification, physicochemical soil character-
ization, and others. Regarding the approach, noninvasive methods collect data without
changing the structure or dynamics of the soil, which is especially needed in electrical
grounding and precision agriculture [1]. Invasive methods make the soil inquiry through
excavations, making detailed soil analysis impractical due to the need to collect a large
number of samples [2,3].

Soil inquiry through excavations is also not recommended because it causes the frac-
tionation of the entire volume of the soil structure, including its aggregates. Noninvasive
methods allow the collection of data from the entire volume in the field without the need
to obtain soil samples for laboratory analysis, keeping the soil structure unchanged [1,4].
The soil mapping may be highly accurate depending on the strategy used to collect data in
the field [5,6].

In agriculture, the way in which a particular crop plantation is conducted depends
on the current geological configuration, once the physical-chemical properties of the soil
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vary over time due to its relationship with the climatic conditions [7]. The need to consider
the soil spatial variability was extensively discussed by the scientists in the geoscience
area called precision agriculture, i.e., the way to manage a productive space with spatial
detailing to spread different amounts of inputs, since the soil has different properties even
in small areas of the field [3].

Precision agriculture has pioneered the use of the concept of Variable-Rate Technology
(VRT). This kind of technology is developed by the joint effort of different types of engi-
neering expertise: (i) electrical and electronic; (ii) control and automation; (iii) mechanical;
(iv) energy conservation and environmental; and (v) agricultural. VRT refers to any technol-
ogy that allows the producers to vary the amount of deposited material, its concentration,
or its proportion in relation to other materials [3].

One of the basic principles of geophysics used in precision agriculture is based on
the soil property of having its electrical conductivity changed due to the variation of its
physical-chemical properties. By mapping the electrical conductivity of a soil, areas with
homogeneous physical-chemical characteristics may be identified. Therefore, the electrical
conductivity values concern to the measurement points that are mapped geographically,
making it possible to divide the soil in different management areas [8]. After determining
these areas, a soil sample per area is collected for analysis of its physical-chemical properties.

The identification of these management areas combined with their physical-chemical
properties allows us to determine the required amount of agricultural inputs, pesticides,
and water in irrigation [5]. The electrical conductivity mapping became an effective tool to
investigate the behavior and spatial variability of the soil, allowing us to identify areas with
similar properties and define differentiated management zones easily [9,10] to apply VRT.

Several methods and types of equipment are used to measure the soil electrical con-
ductivity. Among all the equipment types, the most known of them uses the following
principles: (i) electrical resistivity and (ii) electromagnetic induction [11,12]. The strati-
fication methods that apply the electrical resistivity principles are usually modeled by
mathematical expressions that consider the soil to be homogeneous; that is, they do not
consider the existence of layers and model the apparent electrical conductivity only for
constant depth limited by the equipment, which usually depends on the distance between
the conductors that inject the electrical current in the ground. In general, the depth values
adopted are around /; = 0.2 m and h;, = 0.9 m, depending on the equipment used [13].
The stratification methods that apply the electromagnetic induction principle also model
the soil as homogeneous mass and they map the soil up to 0.75 m [11].

This superficial analysis is no longer considered sufficient for certain crops and re-
gions, as the root systems of some plants may reach much deeper than /i, = 0.9 m [14-16],
furthermore, the apparent electrical conductivity readings vary significantly among the
several types of devices used for these tasks [17]. Several studies in dry regions showed
that there is a rich and active ecosystem in depths [18-20] with macro and microorganisms;
hence, it is relevant to know the soil up to the depth of the plant root system, which ab-
sorbs nutrients from different layers of the subsoil [21-23]. Other authors linked the soil
electrical conductivity and the thickness of the soil layers, identifying properties such as
hydrodynamics and soil compaction [24-26].

Another technique used for small area studies (<0.40 m?) is Computed Tomography
(CT Scan) [27], a noninvasive imaging technique that enables quantitative analysis of
physical properties of materials. This type of study is costly, and it was introduced in
soil science for studies of soil density, moisture and water movement measurements,
compaction, and soil structure regeneration, among others [28-31].

Inspired by CT Scan method from the point of view of producing 3D distributions of
material characteristics, the motivation of our research is to propose 3D soil mapping to
fill a gap in the area of precision agriculture. Unlike 2D prospecting, 3D mapping of soil
electrical conductivity (or its inverse, electrical resistivity) yields a complete description of
the soil structure, mapping homogeneous layers of variable thicknesses in large areas, thus
considering the heterogeneous soil [5].
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The techniques used in precision agriculture to determine the value of electrical
conductivity consider the soil to be vertically homogeneous and measure the apparent
electrical conductivity, considering it constant up to depths in the interval of [0.2; 0.9]
meters [17]. The surface analysis of the soil is no longer considered sufficient since the
root system of some plants reaches depths greater than the values normally used, thus
proposing a mobile device that makes it possible to determine the electrical conductivity
and thickness of the soil layers at different depths and accurately, becomes the originality
and relevance of this research.

The mobile device proposed in this paper together with the 3D stratification method-
ology makes use of a farm vehicle and can be used for use in precision agriculture, in soil
stratification for construction of electrical grounding meshes, and study of foundations
for buildings, thus making the innovation of this work. The device can carry out the
soil mapping by determining the electrical conductivity without the need for excavation
in the ground, allowing the process of soil stratification in large areas to be carried out
dynamically without the financial burden and faster compared to traditional methods,
indicating the reasonableness and applicability of the research.

We present a methodology and a device that, combined, are able to perform a 3D map-
ping of the soil through its resistivity or conductivity without expensive field excavations.
Section 2 describes the geoelectrical surveying method used in this work. In Section 3, the
proposed mapping methodology is presented and the device developed to collect field
data related to stratification and mapping 3D of the soil is described. Section 4 presents the
results obtained, and Section 5 concludes with a brief discussion of the results.

2. Theoretical Background

Regardless of the type of arrangement of electrodes used in geoelectric prospecting
measurements, there are basically two ways of performing the electrical resistivity mea-
surements: (i) vertical or (ii) horizontal. The choice of which method to use is related to the
purpose of the study, however there is a need for both vertical and horizontal investigations
to carry out the 3D mapping. To find to the distribution of the apparent electrical resistivity
on the soil surface, the lateral profiling method is applied. By using Wenner’s method,
the values of a (distance between two consecutive electrodes) are varied to identify soil
variations in depth.

This work considers: (i) soil stratification as the process of finding the number of soil
layers with their respective values of resistivity and thickness and (ii) 3D soil mapping as
the presentation in the graphical form of data obtained and treated after stratification.

2.1. Determination of Apparent Electrical Resistivity of the Soil

The lateral profiling method is the geoelectrical investigation technique used to find
the mapping of the apparent electrical resistivity p, on the soil surface, which consists of
placing the arrangement of the electrodes at the measuring spots, keeping fixed the distance
between the rods. In this situation, p, is determined at the center point of the arrangement,
between the potential electrodes. Thus, it is possible to map the whole area, identifying the
measuring spots and consequently delimiting distinct regions of resistivity [6,7].

Figure 1, adapted from Silva Filho et al. [32], illustrates the lateral profiling method of
soil investigation, in which the measurement process of apparent electrical resistivity p, is
performed for the measuring spots given by the intersection between the Column 1 and the
Row A, Row B, Row C and Row D. The Wenner’s method is applied in Figure 1, where the
current and voltage electrodes are represented by dots in the blue color while the dots in the
red color are the measuring spots of p,. By performing the lateral profiling method along
Column 1, Column 2, Column 3 and Column 4, the mapping of the apparent electrical
resistivity over the surface of the soil being studied is obtained [33,34].
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Figure 1. Application of lateral profiling method.

Soil mapping is used in many areas from civil engineering to precision agriculture.
Each area needs to know specific parameters of the subsoil and its dynamics. However,
there are parameters that are common to all areas, such as apparent resistivity of the
soil (and its inverse to apparent conductivity) and the depths of each layer, illustrated in
Figure 2, adapted from Calixto et al. [5,6].

*
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*

Figure 2. Wenner’s method used to collect the soil resistivity data in field.

Several methods are applied to determine the apparent resistivity value of the soil. In
an elementary way, some methodologies use the relation given by (1), where I [m] is the
length and A [m?] is the cross sectional volume of a parallelepiped composed of a certain
material. V [V] is the potential difference and I [A] is the electrical current injected in the
volume extremities using electrodes, which have the same cross section of the volume.

AV
=77 @

To calculate the electrical resistivity of the soil in a noninvasive way, we need an
alternative formulation to (1). This formulation is the well known geoprospecting method
called Wenner’s method [35], where the apparent electrical resistivity p, may be given by:

47taR
Pa(a) = 2 _ 2 (2

1+ -
V@ +(2p)*  /(20)* + (2p)
where a represents the distances between two consecutive electrodes, and p is the burial
depths of the electrodes, as illustrated in Figure 2. In this figure, T, T, T3 and T are
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terrometer terminals, and 41, 42, g3 and g4 are electrode terminals. The electrical current I is
injected through terminals T; and T}, and voltage V is measured in terminals T, and T3 [6].

Electrical conductivity is the intrinsic property of all conductive material of electrical
current. In geoprospecting, the conductor is the soil, in which the electrical current circulates
due to the presence of free salts in the soil solution (liquid phase) and also due to the
exchangeable ions on the surface of the particles (solid phase). However, unlike the
conductive wire, the electrical current in the ground may go through several paths, as
illustrated in Figure 3, adapted from Silva Filho et al. [36]. In sufficiently moist soils, the
conduction of current occurs due mainly to the salt content in the water of the soil that
occupies some pores (pores with water). The solid phase may also contributes to electrical
conductivity due mainly to interchangeable cations associated with clay minerals (dry soil).
The third path to the electrical current in the soil occurs through soil particles with pH < 7
in direct and continuous contact with each other (wet soil). These three paths illustrated in
Figure 3 present the current flow, which contributes to the apparent electrical conductivity
of the soil [6,33,34].
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Figure 3. Preferential path of electrical current in homogeneous and heterogeneous soil.

In Figure 2, the variable N which is subscript in hy and py indicates the appropriate
amount of layers for the stratification model to fit the studied soil. The electrical current
passing through the soil from T; to Ty is represented by red lines, which mostly goes
through the shallow regions of the soil (58% at a depth of up to 3). Since the remaining
current sinks into deeper regions, this method is able to survey those depths as well. In (2),
Ry is the measured apparent resistance and if the soil is heterogeneous R; # Ry # Ry
Note that in (1) we include the electrical resistivity of the material, and in (2) we include
the apparent resistivity. Most devices map the soil electrical conductivity o; by either
(i) using (1) with invasive methods (which might follow erroneous procedures, as (1)
is derived from electromagnetism equations, and it may only be used in homogeneous
materials, which is not the case of the soil); (ii) using (2) for mapping out the apparent
electrical conductivity o;(a) and observing its spatial variation.

For example, two situations are presented in Figure 4, adapted from Calixto et al. [6],
in which (1) would not correctly identify the structure of the soil layers for depth h;,. The
usual devices would obtain the same values of apparent electrical conductivity for both
Figure 4a,b. These results would be only accurate for depth h,, whereas the different layers
would be neglected for depth h;,. Observe that in Figure 4b the separating surface of the
second layer crosses the depth ;,, while in Figure 4a this does not occur. This distinction
between the soil layers may only be observed using 3D mapping, using (2) [6].
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Figure 4. [llustration where there is a need for 3D mapping: (a) any traditional mapping and (b) using
3D mapping only.

To calculate the soil electrical conductivity o;, after collecting the values of the soil
apparent electrical resistivity p,(a), we apply a stratification method. Among the differ-
ent methods for geoelectrical stratification found in the literature [2], there is a recently
proposed method that minimizes the difference between the experimental and theoretical
apparent resistivity curves; one of which is obtained from experimental data collected in
the field, and the other is produced analytically [5]. The authors build an experimental
curve of apparent resistivity pgy(a) utilizing Wenner’s method [37] (Figure 2), and a theo-
retical curve of apparent resistivity pr.(a) utilizing Sunde’s algorithm [38], as illustrated in
Figure 5, adapted from Calixto et al. [7].
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Figure 5. Data gathering and utilization of Sunde’s algorithm.

In Figure 5 we first collect the field data using Wenner’s method, as in (2) and Figure 2,
to construct an experimental curve [39]. Once the experimental curve is obtained, the soil
stratification is calculated and the experimental values for the resistivities and thicknesses of
each layer are found. The simulation uses Sunde’s algorithm, which takes the experimental
values for the resistivities and the thicknesses of the layers as input. In the simulation, we
look for the theoretical curve that is identical to the experimental curve. The theoretical
curve is constructed using the values of resistivities and thicknesses of each layer and
compared with the experimental curve (Figure 5). If both curves are identical, the values of
resistivities and thicknesses represent the stratified soil. Otherwise, if they are not identical,
the resistivity values and thicknesses of the layers are modified by the optimization process,
seeking to adjust the theoretical curve to experimental one as much as possible.

2.2. Optimization Process

Sunde’s algorithm uses wave propagation equations in already stratified media to
construct the theoretical resistivity curve pr, (a) [39]. The resistivity and thickness values are
altered within the Sunde’s algorithm by using a heuristic method for optimization based on
genetic algorithms. This method searches for the best solution for the stratification process
and the parameters, optimized using genetic algorithm. The values optimized are: (i) the
resistivity of each layer p;, (ii) the thickness of each layer /; and (iii) the number of layers N.
Figure 6, adapted from Calixto et al. [7,39], shows a flowchart of the genetic algorithm.



Energies 2022, 15, 2067

7 of 24

Proymdaian
B T
......... - et
I-..""‘"'""..‘..T_J' '-i:d.r:hli.i.hal'n!
I l:m;rwn I
'

Figure 6. Genetic algorithm flowchart.

The genetic algorithm uses an initial population formed by values of resistivity and
thickness of each soil layer. Each set of parameters composed by p; and h; are used by
the Sunde’s algorithm for building the theoretical curve. After simulation, each set of
parameters receives a value that represents its quality as the solution of the problem. If
a given set of parameters reaches the stopping criterion, the algorithm stops. Otherwise,
the algorithm invokes an elitism (save the best solution) and a selection (choice of parents)
process, and by the crossover (parents crossing) and mutation (mutates the new generation
of possible solutions) operators, we generate a new population of possible solutions to be
tested. This cycle continues until the genetic algorithm obtains an optimized solution [5,7].

3. Methodology

By applying the lateral profiling method, if the distance a between electrodes is
variable represented by a vector with distinct values, the 2D mapping may lead to the
3D mapping. All process is performed in five stages: (i) discretization of area being
studied; (ii) measurements using the lateral profiling method and Wenner’s method; (iii)
soil stratification process; (iv) construction of 3D map; and (v) data statistical analysis.

3.1. First Stage: Discretization of Area Being Studied

This stage consists of a regular discretization of a given rectangular area L x C to be
stratified, dividing it into smaller subareas S;; of M x M [m], as illustrated in Figure 7.
Each subarea S; ; may be defined in the L direction, by the u; ; edges and in the C direction,
by the v; ; edges.

Figure 7. Regular discretization of total area for applying 3D mapping.

3.2. Second Stage: Measurements Using Lateral Profiling Method and the Wenner's Method

The measurements must be performed on each edge (i,j) using lateral profiling
method together with the Wenner’s method, where the number of edges is given by
T(u,v) =2(u-v) + u+ v, as described in Calixto et al. [6], in whichu,v € N |u = — and

C, L must be preferably multiples of M. The arrangement of electrodes walks using the
lateral profiling method, applying the Wenner’s method in all edges throughout the area to
be investigated.

3.3. Third Stage: Soil Stratification Process

The stratification process is performed for each subarea using the average of values
obtained from the measurements (previous stage) on each of the four edges. Thus, each
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subarea is stratified and the parameters are found, which are: (i) number of layers N, (ii)
resistivity p; (or conductivity o;) of each layer and (iii) thickness h;.

The stratification process error is given by the difference between the experimental
resistivity curves pgy(a) and the theoretical p1,(a), given by:

k
PEx; (@) — p1e;(a)
, % , 3
PEx PTe Z:Zl PExl( ) ( )

where k is the number of values of a and F(pgy, p1e) is the value that quantifies the error
obtained during stratification of a subarea. Thus, the general stratification error corresponds
to the sum of all values of F(pgy, o1¢), calculated for all subareas [6].

3.4. Fourth Stage: Construction of 3D Map

The 3D visualization of the soil being studied results from the interpolation of the
thickness values h; of each layer related to the total area analyzed [6], in which the control
points of the interpolation concern the vertices of each subarea, as shown in Figure 8. Each
vertex is related to the junction of 2 or 4 subareas, except the corner vertices of the total
area. Therefore, the thickness value /; for each vertex is the average of the thickness values
obtained from stratification process for the subareas.

Figure 8. Separation surface between layers of subareas.

3.5. Fifth Stage: Data Statistical Analysis

In the last stage, the global value of the resistitivity p; (or conductivity o;) and thickness
h; is calculated and corresponds to the mean value of the resistivity p; (or conductivity o;)
and thickness h; related to the all subareas. The Sample Standard Deviation (SSD) s, must
be calculated for each global value of p; (or 7;) and h;. By assuming that the sample is in
the universe of T(u, v) values of thickness ;, the standart deviation s, (h;) and s,(p;) (or
sa(07)) quantify the dispersion of ; and p; (or 0;) in different subareas.

The Algorithm 1 shows all the steps of the 3D mapping flow. The main disadvantage
of this methodology is the number of field measurements required. To deal with this issue,
we built an automated measurement device to collect data in the field, which is used to
apply the Wenner’s method automatically and to generate a 3D soil map.

Algoritmo 1: Sequence of Steps of the Proposed 3D Mapping Method.
Datos: Choice of area for study
Resultado: 3D soil mapping
15! Divide the total area studied in subareas M x M.
mientras go through all subareas hacer

No=

3 2" Apply the lateral profiling method and Wenner’s method on each edge of each
subarea.

4 3" Carry out stratification on each edge of each subarea.

5 4" Map the thickness of each layer in each subarea and interpolate the values found
creating the separation surface between the layers of each subarea.

6 5! Calculate the global resistivity (or conductivity) value per layer using the mean
values found in each layer i of each subarea.
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3.6. Soil Electrical Conductivity Data Collection Device: Device Description

The Wenner’s method assumes that the current injection is punctual. This condition is
satisfied in the proposed device, once that disc blade penetrates the soil down to 0.09 m.
In Figure 9, partial view of the device presents the assembly of the components identified
by numbers.

Figure 9. Partial view of device.

The instrument proposed for automatic measuring of the soil conductivity, using the
Wenner’s method, includes a set of disc blades 1 (acting as the electrodes), mounted on
a transverse toolbar 5. A limiting base 2 (with a radius smaller than the discs), coupled
to the disc blades, keeps the discs from penetrating the soil past a given depth. To apply
the Wenner’s method, the disc blades must be arranged at a set of predefined distances a.
The disc blades are connected to terminals 6 (brushes) through the disc holder 3, which
in turn, are connected to cables 7 that allow injecting current and measuring the electrical
potential differences.

The device may be produced in modules, i.e, given a toolbar length, one may mount
any suitable number of discs, provided their number is even, and greater than 12. Wheels
with tires and suspension system 9 are included in the device enabling that it is dragged
by a farm vehicle. After connecting the device to the vehicle, weights 8 may be placed
on the toolbar to ensure that the discs are always cutting into the soil. To provide some
mechanical flexibility, the disc blades are movable in the direction of the drag, being held
in place by springs 4, which allow a movement of approximately 45°. With this mechanism,
the continuous contact of the discs with the soil is achieved, even if there are obstacles or
irregular terrain.

3.7. Application of the Method Using the Device

The use of the device requires the suitable arrangement of the disc blades to apply the
Wenner’s method. A possible disk blade configuration is shown in Figure 10 (which is out
of scale), where a = [0.3,0.5,0.9,1.5] in meters. In Figure 10, 41,42, - - - , 12 represent the
conductors driven into the ground by the connected cables through which the electrical
current I is injected and/or the potential difference is measured [5,6].

According to Wenner’s method, when an electrical current I is injected in g1, coming
out at g1, the potential difference may be measured between g3 and q19. Next, the electrical
resistivity meter injects the same current I in g, collects it at 411, and measures the potential
difference between g4 and q9. Likewise, the same value of electrical current [ is then
injected in g3, collected at 419, and the potential difference between g5 and gg is measured.
Finally, the same current value [ is injected in g4, collected in g9, and the potential difference
is measured between g4 and g7, completing a cycle of measurements on an edge of one
subarea. It is observed that two functions are assigned to most disc blades. For instance,
using the discs disposition of Figure 10, conductors g3 and g1 are electrical current injectors
in the first moment and the same conductors g3 and g1 are used to measure the electrical
voltage in the second moment.
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Figure 10. Possible arrangement of disc blades.

If the blades distances are different from those presented in Figure 10, another distribu-
tion of the blades must be used, taking into account the distances a between the electrodes
that are active during the measurements. Depending on the number of disc blades and the
distances 4, the toolbar will have a length equivalent to 3x larger than the largest value
of a. As the depth of the soil stratification is closely related to the distance a between disc
blades, the longer the toolbar and hence the distance 4, the deepest will be the stratification.

Since the device is dragged across the soil, one must specify the distance interval
from one reading to the next. In accordance to the method proposed in Section 2, this
distance between readings is M, however, M may assume any value above 0.6 m. Hence,
the subareas will always be M x M and M is the distance that the farm vehicle moves
between readings.

We need at least four values of a for the method application. If it is necessary more
than four values of a to collect data, it must be added more disc blades, changing the
configuration in Figure 10. The greater the vector of measures collected 4, the more accurate
will be the stratification of the soil. Using the configuration shown in Figure 10, a reading
comprises four measurements and at each measurement, the electrical current I is injected
into the ground through the terminals T; and Ty of the electrical resistivity meter (Figure 11),
and the voltage V is measured at the terminals T, and T3.

ENE
"C’UGGH\\:

Figure 11. Electronic system of device.

The switching of the 4 terrometer terminals in relation to the 12 electrodes is performed
electronically. The Global Navigation Satellite System (GNSS) with distance-compatible
precision M must provide the location of the reading, and the data are stored in the Data
Logger. The data gathering is carried out when the farm vehicle is in motion and the
frequency of this gathering is related to the value of M, the lower this value, the lower the
speed of the farm vehicle that drags the device through the ground.

The stored data are: (i) location (latitude, longitude, and altitude) and (ii) values of the
potential differences of the four measurements. If the configuration of Figure 10 is used, we
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have values of the potential difference for each a = [0.3,0.5,0.9, 1.5]. After performing the
readings throughout the soil, the stored data are placed on the computer for processing.
After the treatment of data, the stratification and the 3D mapping of the soil are generated.
Figure 12 illustrates the whole flow of methodology for using the proposed device.
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Figure 12. Flowchart for use of proposed methodology and device.

4. Results

In this section, we present the results obtained when the proposed method is applied.
These results refer to the efficacy of the method: (i) to identify soil differences under
controlled conditions, (ii) to perform soil stratification, and (iii) to perform 3D soil mapping.

4.1. 2D Mapping with Modifications Provoked in the Soil under Controlled Conditions

In this study, two experiments were carried out to validate the method: (i) the soil
moisture analysis and (ii) the soil compaction analysis. The experiments were carried out in
an open area with low humidity, hence the soil was relatively dry, located at 16°30'170” S
and 49°16/530” W at an altitude of 819.20 m. To limitate the region to be studied and place
the rods, ropes were attached to wood stakes with a limited area of 5m x 5 m, the spacing
between the rods was 1 m, and the depth of the rods was p = 0.2 m. Figure 13 presents the
area limitation geometry for applying the lateral profiling method and obtaining the data.

Figure 13. Definition of area and application of method.

4.1.1. Soil Moisture Study

In the area limited by ropes, a quadrant was chosen to insert approximately eight liters
of water to change the dynamics of the system. Figure 14a shows the connectors/rods with
the cables, where the red arrows indicate the electrical current cables and the green arrows
indicate the voltage cables. In Figure 14b, it may be observed the spot where the portion of
water in the soil was spilled.
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Figure 14. Preparation of area for application of lateral profiling method: (a) insertion of electrodes
and (b) area with insertion of water.

To evaluate the method, the electrical resistance measurement is performed in the
study area before and after the insertion of the water portion. Table 1 provides the values of
the electrical resistance measured using the terrometer, where Rp and R 4 are the electrical
resistances before and after insertion of the water portion, respectively. These electrical
resistance values were measured along Line A through Line F and along Column 1 through
Column 6.

Table 1. Electrical soil resistance values under controlled conditions for soil water content mapping.

1 2 3 4 5 6

Rp Ra Rp Ra Rp Ry Rp Ry Rp Ry Rp Ry

370 334 372 367 410 332 369 380 365 373 392 397
307 351 376 368 361 374 393 345 330 339 470 417
366 321 389 365 390 340 397 410 448 411 347 435
358 319 337 283 345 362 405 254 419 297 390 308
324 295 379 357 362 327 349 406 365 396 349 39%4
269 246 301 282 330 337 242 255 251 259 305 285

MmN w >

From the data of Table 1 and from (2), it is possible to map the dynamics in the soil
due to the water insertion. Figure 15a presents the result of the distribution of apparent
electrical conductivity o; related to the soil at the initial conditions (without water insertion),
Figure 15b presents the distribution of apparent electrical conductivity o, related to the
soil after the water insertion and Figure 15¢ presents the subtraction of the values obtained
with and without water insertion.

4 m i 5
Cplury Cobrrrs
in} P

Figure 15. 2D mapping of electrical conductivity due to insertion of water in soil: (a) o, before, (b) o,
after, and (c) difference between o, after and o, before.

Figure 15¢ presents the dynamics in the soil due the water insertion and identifies the
position where the change occurred. To validate the experiment and compare the obtained
results, a Time Domain Reflectometer (TDR) is used in the same area, before and after the
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insertion of water. The results obtained are presented in Table 2 and in Figure 16, where
Figure 16a presents the result of the moisture Wp distribution related to the soil at the initial
conditions (without water insertion), Figure 16b presents the moisture W4 distribution
related to the soil after the water insertion, and Figure 15¢ presents the subtraction of the
values obtained with and without water insertion W4 — Wjp.

Table 2. Soil moisture values under controlled conditions.

Wg  Wqp Wg Wu Wg Wu Wg Wu Wg Wy W Wy

8.4 8.3 9.3 9.3 6.8 6.8 8.2 8.2 7.3 7.3 6.2 6.2
8.4 8.6 7.0 7.0 6.2 6.4 6.2 8.7 57 7.0 4.5 4.5
9.0 9.0 79 79 79 8.0 5.4 17.0 54 14.5 8.2 8.3
7.3 7.3 6.5 6.5 7.9 8.1 7.6 8.7 51 54 57 5.7
7.0 7.2 8.4 8.4 9.5 94 6.5 6.6 59 6.2 57 57
7.3 72 9.8 9.8 6.2 6.2 5.4 5.6 71 6.9 6.8 7.0

a
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[+ 1] -1} (14

MmN w >

Figure 16. 2D mapping of moisture dynamics in soil: (a) Wg, (b) W, and (c) W4 — Wp.

4.1.2. Study of Soil Compaction

The methodology presented in Figure 13 is also used to measure the soil compaction
level dynamics and to validate the proposed method. This experiment was conducted in
other area 20 m away from the previous experiment area. In this experiment, the level of
soil compaction was changed in the region shown in Figure 13 due to the impacts produced
using a metal object of 6 kg to compress the soil corresponding to area of 1 m x 1 m. Table 3
presents the values of electrical resistance obtained before Rcp and after Rc4 the soil
compaction and Figure 17 presents the distribution of the apparent resistivity p, values.

Table 3. Electrical resistance values of soil under controlled conditions for mapping level of soil
compaction.

Rcg Rca Rep Rca Rep Rca Rep Rca Reg Reca Rep Rea

3411 3320 2570 1132 447 464 1993 2480 3260 3210 2450 2200
2080 2050 2350 1035 405 410 1305 1193 1175 1153 2290 2098
1332 1190 4410 1940 378 410 421 464 1361 1159 2120 2327
2000 2860 2240 2175 1123 1059 378 395 1945 1035 2310 2319
1027 975 987 836 124 316 399 340 1058 852 2600 1907
1098 1131 979 916 1024 940 335 313 1080 1132 1084 1134

MmN w
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Figure 17. 2D mapping of electrical resistivity due to changes in soil compaction: (a) p, before, (b) ps
after, and (c) difference between p, after and p, before.

In Figure 17a the distribution of apparent resistivity p, before the soil compaction is
presented, in Figure 17b the distribution of apparent resistivity p, after the soil compaction
is presented, and Figure 17c has the value of the difference between p, after and p, before
the soil compaction. To validate the data obtained by the proposed method application,
a digital penetrometer is used to carry out measurements of the compaction levels at the
same area. This procedure is also performed before and after soil compaction, to verify the
soil resistance to penetration. Table 4 presents data obtained using digital penetrometer,
in which Cp is the soil compaction before the change in the structure and Cy4 is the soil
compaction after the change made with the metal object, both measured in kPa.

Table 4. Soil compaction values Cp [kPa] and C,4 [kPa] under controlled conditions.

1 2 3 4 5 6

Cp Ca Cp Ca Cp Ca Cp Ca Cp Ca Cp Ca

1384 1260 1260 1260 2428 2428 7270 7270 3171 3171 1407 1407
1508 1508 2041 2041 2165 2165 2861 2621 2212 2005 2278 2278
1662 1662 3843 3843 1268 1268 1755 1755 2250 2235 3534 3550
1446 1709 676 2273 1918 1724 1461 1539 1840 1887 541 580
966 703 920 3093 1964 2018 1887 1899 1546 1578 1043 1060
1179 1036 1392 680 1500 2080 1368 1368 1678 1678 2026 2026

mm g N w

From Table 4, it is possible to construct the distribution map of the compaction levels
before and after the change in soil structure. Figure 18a presents the level of compaction Cp
prior to the change in soil structure, Figure 18b presents the level of compaction C4 after
the change in the structure of the soil, and Figure 18c presents the dynamics occurred in
the soil structure due to changes in soil compaction level, C4 — Cg.

i
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Figure 18. 2D mapping of soil compaction dynamics: (a) Cg, (b) C4 and (c) C4 — Cp.

Two-dimensional mappings were performed in Section 4.1, in which the value of a

was kept constant in 1 m. The depth analyzed was 37“ = 1.5 m, considering the whole
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soil as uniform in the space o, or p,. All studies were performed manually. However, to
map the soil bidimensionally using the proposed device, simply place all disc blades of
current injection with the same distance a constant and perform the multiplexing in the
data reading of the electrodes. Thus, there is no need to perform horizontal stratification
of the soil, since p,(a) = p, for a constant and the measured values are directly mapped
using (2).

4.2. 3D Mapping with Soil Classification

The 3D mapping was performed based on lateral profiling method in conjunction
with measurements of the apparent electrical resistivity p(a) for several values of a. In
the stratification process, it is necessary to construct the curves pgy(a) and pr.(a). The
next studies use the proposed methodology to consctruct the 3D mapping of the soil with
M =45and a =[0.3,0.5,0.9,1.5], M and a in meters. In addition to the application of the
method, a trench was opened at the edge of each area being studied to identify and classify
pedogenic horizons and soil layers.

To interpret the results presented in the tables in this section, one must be aware of
the difference between pedogenetic horizon and soil layer. By definition, the pedogenetic
horizon is a soil section approximately parallel to the soil surface, whose characteristics are
inherited by weathering conditions [40], and it is related to different characteristics of the
soil such as its chemical composition, texture, color, porosity, and percentage of organic
material and/or minerals.

On the other hand, a soil layer is a soil section with particular organic or mineral
formation, approximately parallel to the soil surface, whose properties do not result from
the pedogenetic processes (or with low influence) [8]. Soil layers are used in geoprospection,
taking into consideration the variation of the soil electrical conductivity o;.

4.2.1. Profile of the Plinthosol

This study was conducted at 14°23'625” S and 47°03/804” W coordinates, at an alti-
tude of 432 m. The parental material of this soil are tertiary and quaternary sediments
originated from Arkoses and pelites of the Three Mary formation from the Bambui Group
(Neoproterozoic).

This profile (Figure 19) was described and classified by SiBCS as a Argilluvic Plinthosols
concretionary dystrophice and as a Typic Plinthaquox by the Soil Taxonomy. In Table 5, the
sequence of the pedogenetics horizons is listed. Figure 20 presents an interpolated view of
the soil mapping, and the colorbar represents the depth of the separation surface between
the layers with the thicknesses #; and h;.

Figure 19. Profile of Plinthosol.
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Table 5. Pedogenetics horizons of Plinthosol.

Horizon Depth [m]
Ap 0-0.20
AB 0.20-0.40

E 0.40-0.75
Bfcy 0.75-0.90
Bfcy 0.90+
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Figure 20. View of 3D mapping for profile of Plinthosol.

This is a soil with low hydraulic drainage, which may be attributed to the occurrence
of plinthite and petroplinthite in horizon B f¢ (plinthite and concretions). This soil belongs
to flat relief. In this study, the number of sites where the readings were collected was
T(u,v) = 84, resulting in 36 subareas. Table 6 presents the global values of the conductivi-
ties 0; together with the thickness h; and its sample standard deviations.

Table 6. Mean values and sample standard deviations of 3D mapping of Plinthosol.

Layer o SSD h; SSD
0) [mSm~1] sa(7i) [m] sa(hi)

35.1543 0.1223 0.36 0.18

191.4637 0.5088 1.42 0.93

10.4829 0.0214 00 —

In Table 5, the interval between horizon Ap and horizon AB belongs to the first layer
of the soil, while the horizons E, Bfc; e Bfcy belong to the second layer, according to
Table 6. The approximate mineralogical [41] in the several granulometric fractions on the
Plinthic horizon (B fc) of this soil is composed by: (i) clay (DRX) Kaolinite (dominant),
with inclusions of gibbsite, mica, and smectite; (ii) gravels, 97% nodules, ferruginous
concretions, and concretionary fragments (Petroplinthite) that restrict permeability and free
drainage; (iii) coarse sand, 65% of ferruginous concretions and concretionary fragments
(Petroplinthite) and 35% of quartz + hyaline quartzite; and (iv) thin sand, 85% of quartz,
and even 15% of ferruginous concretions. The high values obtained for the conductivity are
associated with high humidity of this soil. This high humidity, associated with the presence
of a material rich in iron oxide, with ferruginous concretion concentrations and associated
with quartzite that contains 35% of magnesium, results in a good electrical conductivity of
the soil.

4.2.2. Profile of the Leptosol

This study was performed at the coordinates 12°58'38.5” S and 46°54'01.0"” W, with an
altitude of 613 m. The parental material of this soil is composed of micaceous quartzite and
feldspathic Arai Group (Neoproterozoic). The soil profile (Figure 21) was described and
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classified by the Brazilian System of Soil Classification (SiBCS) [42] as an Udorthent Dys-
trophic leptic, epialic, kaolinitic, medium-subdeciduos tropical Cerrado phase, and strongly
undulated relief, and it was classified by the Soil Taxonomy as a Lithic Orthents [40].

Figure 21. Profile of the Leptosol.

The sequence of the pedogenetic horizons is presented in Table 7. The macroscopic
analysis of the samples revealed two different types of rocks: (i) quartzite interwoven with
thin clay layers (ii) metassiltites with poorly developed schistosity, interspersed with quartz
and feldspar. In terms of chemical elements, the rocks and some soils are characterized by
their poverty in nutrients, with saturation by basic cations in the order of 9% in the horizon
A and approximately 25% in the subhorizon Cj.

Table 7. Pedogenetic horizons of Leptosol.

Horizon Depth [m]
A 0-0.18

Gy 0.18-0.27

C 0.27-0.52
CRy 0.52+

In this study, the number of sites where the readings were performed was T (u,v) = 84,
resulting in 36 subareas. Figure 22 presents an interpolated viewing of this soil mapping,
and the colorbar represents the depth of the separation surface between the layers with
thicknesses /1 and h;.

by bdm]
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Figure 22. View of 3D mapping for profile of Leptosol.

This study analyzed extremely weak soil for agricultural purposes, indicated only
for environmental preservation, although it was deforested for using as pasture. Table 8
presents the global values of the conductivities 7; together with their thickness /; and the
sample standard deviations s,(0;) and s, (h;). Table 7 presents that the interval between
horizon A, and horizon C; belongs to the first layer /1 of the soil, according to Table 8§,
while horizon CR; belongs to the second layer hy. The low conductivity of this soil is
due to the low saturation of basic cations. The approximate mineralogical formation in
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the various granulometric fractions of the CR; horizon is composed of: (i) clay (DRX):
Kaolinite (dominant), with inclusions of mica (muscovite); (ii) coarse sand: 100%; (iii) thin
sand: even 96% of quartz and quartzite [41].

Table 8. Mean values and sample standard deviations of 3D mapping of Leptosol.

Layer o SSD h; SSD
(i) [mSm=1] sa(oi) [m] sa(hi)
0.0290 0.3518 x 1073 0.41 0.19

0.0032 0.0062 x 1073 2.50 0.87

3 0.0517 0.1082 x 1073 0 _—

4.2.3. Profile of the Nitisol

This study was conducted at 14°14’456" S and 47°03/328"” W coordinates, at an altitude
of 458 m with a local and regional plain relief, phase Tropical deciduous Forest. A profile
section of this soil is illustrated in Figure 23. The pedogenetic horizon distributions follow
the description presented in Table 9.

Figure 23. Profile of Nitisol.

Table 9. Pedogenetic horizons of the Nitisol.

Horizon Depth [m]
A 0-0.20
AB 0.20-0.55
Bt 0.55-0.70
Bty 0.70-1.25+

The soil parental material is limestone of the Alligator Pond Formation from Bambui
Group (Neoproterozoic), with low degree of metamorphism. The soil is classified by the
SiBCS as an Alfisol Eutrophic Argisolic and by the Soil Taxonomy as a Typic Haplustult.
Figure 24 presents an interpolated view of the soil mapping, and the colorbar represents
the depth of the separation surface between the layers with the thicknesses /; and k.

The mineralogy, in accordance to Dixon & Schulze [41], has a closer composition in its
respective fractions of the horizon Bt;, containing: (i) clay (DRX) predominantly kaolinite;
(ii) gravel, 90% nodules or spherical ferruginous concretions, 5% fragments of weathered
rock (phyllite type), 5% white-hyaline quartz and traces of carbonate material; (iii) coarse
sand, 55% of nodules or spherical ferruginous concretions 40% of quartz + quartzite, white-
hyaline, with ferruginous encrustations; (iv) fine sand, 75% hyaline-white quartz, milky,
with ferruginous incrustation, 23% of ferruginous concretions 2% coal + debris. In this
study, the number of sites where the readings were collected was T(u, v) = 144, resulting
in 64 subareas.
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Figure 24. View of 3D mapping for profile of Nitisol.

Table 10 presents the global values of the conductivities 7; together with the thickness
h; and the sample standard deviations s,(0;) e s,(h;). In Tables 9 and 10, note that the
pedogenetic horizons A, AB and Bt belongs to layer /1; and only the horizon Bt; belongs to
the second layer of the soil. In layers /; and 5, the high values of the electrical conductivity
are related to the elevated content of clay in the horizon B;, approximately 70% higher
than in the diagnostic horizon A Chernozemic. In horizon A, high contents of calcium
and carbon were found. In layer /3, there was high content of basic cations, leading to low
value of electrical conductivity.

Table 10. Mean values and sample standard deviations of 3D mapping of Nitisol.

Layer o SSD h; SSD
(@) [mSm~1] sa(0i) [m] sa(hi)
2.4720 0.0072 0.84 0.26
2.5522 0.0070 7.77 0.27
0.4743 0.0031 9] -

In this study, the concentration of basic cations in depth occurs because we are in
a region where the rainfall is sufficient to leach basic cations to the layer /3. Hence, the
cations removed from the two superior layers are replaced by hydrogen and aluminum
from the weathering minerals. Acidification of layers h; and hy occurs by a natural process,
leading them to become more electrically conductive.

4.3. Discussion

In the Section 4.1, Tables 1 and 2 exhibit the values obtained before and after the
soil modifications: (i) chemical (water insertion) and (ii) physical (compaction). The
values presented demonstrate the sensitivity of the method for soil dynamics analysis,
proving its efficiency in the monitoring of the subsoil structure. It is further observed
from Tables 1 and 2 that the proposed method is more sensitive to variations than TDR and
penetrometer. This fact is due to other factors that may be measured using the proposed
method, such as plant roots, and stones and voids in the soil, among others.

In the Section 4.2, 3D mappings are performed. In addition to the visualization form
presented in Figures 20, 22 and 24, there are other forms of visualizing the 3D mapping,
such as the mapping of the separating surfaces between layers, using the values of &;
without any interpolation, i.e., representing the stratification performed on each subarea.
Figure 25 presents this kind of visualization for the mapping of the profile of the Leptosol,
with the colorbar representing the depth of the separation surface between the layers of
each subarea S; ; with the thicknesses /1 and hy.
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Figure 25. Visualization of mapping without interpolation of Leptosol’s profile.

Tables 6, 8 and 10 present mean values of electrical conductivity and thickness (o; and
h;) that vary throughout the soils being studied. The SSD is small for the electrical conduc-
tivity values, with maximum of 0.34%. However, the values of the standard deviation of the
thicknesses are higher, reaching 65.49% due to the amount of subareas, leading to several
stratifications. Thus, using the values obtained from the stratifications of each subarea,
it is possible to produce the all subareas mapping in each layer instead of producing the
area mapping as whole. This mapping originates from the horizontal stratification of the
soil and not from the lateral profiling method. The map translates the processed data as a
visualization of the conductivities distributed over the soil surface. In the proposed method,
this view may be obtained for each layer. An example of this visualization is illustrated in
Figure 26, whereas the colormap is the same as for Figure 27 and each value is presented

inmS.m~1.

bi
Figure 26. Visualization of a subarea’s conductivities in Leptosol’s profile. (a) First layer and
(b) second layer.

In Figure 26, it is possible to observe the variation of the electrical conductivity through
the 2D mapping of the isovalue curves. These curves may be mapped to each soil layer,
where each color represents a range of conductivity values. In Figure 27, presents a view of
the conductivity variation of the profile of Leptosol for the first and second layers. In this
case 15 range values of conductivity were considered in each layer. As in Figures 25-27
may only be obtained from the stratification process.

Figure 27. Isovalues curves of Leptosol’s profile. (a) First layer. (b) Second layer.



Energies 2022, 15, 2067

21 of 24

The proposed method allows to determine in which depth a certain conductivity
value may be found, from a statistical treatment of the data obtained from the stratification
of several areas. Table 11 lists some statistic data, referred to the layers depth of several
subareas, from which Figure 28 may be produced. In Table 11 and Figure 28, d; is the
inferior surface depth of each layer i (the points where layer i ends and layer i + 1 begins),
given by (4). The last layer assumes an infinite depth, since its thickness is also infinite, in
accordance with the adopted model.

di=Y . @)

Table 11. Depth values (mean, minimum, maximum, and standard deviation) until limitation of
several layers.

Layer d; Minimum Maximum SSD
Q) [m] d; [m] d; [m] sa(d;)
0.84 0.54 2.21 0.26
8.62 3.70 11.57 0.16
00 o o -

Figure 28. Depth layers distribution.

Table 11 and Figure 28 show that for the stratified soil of profile of the Nitisol, the
first layer h; reaches at least a depth of 0.54 m (min d;) in the entirely terrain extension.
Likewise, any point in the interval between 2.21 m (max d1) and 3.70 m (min dp) will be in
the second layer. Above the depth value of 11.57 m (max dy), there is only third layer (in
all the terrain). In Figure 28 the hatched depths are those in which a given layer is found
(with its respective conductivity) with a probability of 100% (i.e., at such depth there is the
predominance of only one layer in all the terrain).

Considering that the thickness values of the layers correspond to the normal Gaussian
distribution, the data presented in the Table 11 and in Figure 28 may be described in the
form of the Table 12, presenting the probability of finding given layer i at depth d. For
instance, at a depth of 1.10m (d1 + s,(d1)) the probability P(Nj) of still being in the first
layer is only 32%, and to already be in the second layer is 68%.

All the studies presented earlier were chosen to validate the proposed methodology.
Therefore, the stratifications with mineral composition analysis and the location of the
studied region were performed only to present to the reader some basic characteristics of
the different soils, such as the study of profile of the Leptosol (Figure 21), which has as
a characteristic a superficial layer of crop land soil of small thickness and layers of rocks
below the cultivable soil layer. Presenting and discussing the mineral compositions of the
studied soils is outside the scope of this research.
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Table 12. Probability of finding layer N; at depth d.

d [m] P(Ny) P(N,) P(N3)
[0, 0.54] 100% 0% 0%
0.58 68% 32% 0%
0.84 50% 50% 0%
1.10 32% 68% 0%
[2.21, 3.70] 0% 100% 0%
8.34 0% 68% 32%
8.61 0% 50% 50%

In the studies in which the 3D mapping was carried out, high computational effort
was demanded. The optimization process consumes on average three minutes to stratify
each edge of each subarea. After the stratification process, the computational manipulation
of the data spends approximately four minutes to generate the maps related to the 3D
mapping; for example, for the profile of the Leptosol: Figures 22 and 25-27.

Regarding the use of the apparatus on nonplanar surfaces, the level of roughness must
be observed. It is possible to use the proposed methodology on these surfaces as long as
the surface roughness is less than the length of the apparatus. The proposed methodology
used the shortest possible length so that the Wenner array could be used.

When using the proposed methodology together with the apparatus that is being
dragged over the ground, it may occur that elements such as pieces of wood, among
others, cause the noninsertion of all electrodes in the ground. Thus, when collecting the
values of the apparent electrical resistivity of the soil, if the electrodes are not all connected
to the ground, the terrometer informs with an audible signal so that the farm vehicle
operator can analyze and make the most satisfactory decision. The terrometer used in
this work, in addition to indicating the nonconnection of all electrodes, also accounts for
spurious currents.

5. Conclusions

The application of the Wenner’s method in conjunction with the lateral profiling
method leads to the construction of 3D soil maps. The use of more accurate methods of
measuring soil electrical conductivity reduces the number of required physical and chemical
analyzes. The 3D mapping of soil electrical conductivity may be correlated with physical,
chemical, and biological attributes of the soil, providing information on the distribution of
such attributes and indicating where to apply the agricultural inputs accurately.

The device presented in this paper contributes to obtaining maps similar to those
obtained by means of computed tomography, identifying regions of the same characteristics
from 3D approach. The identification of the layers distribution (in depth) facilitates the
application of agricultural inputs according to the root system of the crops, besides being
useful in researches about hydrodynamic and soil compaction. The proposed device
still solve the problem of the large number of measurements needed when the proposed
methodology is applied.

The device for collection of field data may be used to measure the apparent soil
electrical conductivity on a large scale automatically, with a sufficient amount of measures
to produce a stratification. The 3D mapping is more accurate than the simple mapping of
apparent conductivity, even when these are performed at large depths, enabling the correct
identification of the soil structure.

The measurements of the soil apparent conductivity used in the stratification method
described were performed manually by fixing electrodes in the soil. The proposed device
is still in a prototype phase. The depth to be stratified is directly related to the width of the
device. Given that the root system of some plants may reach depths in the order of 4 m, it
is recommended a 4.5 m-wide device, which may be inconvenient to handle.
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The proposed method enables a 3D structure description of a complex soil, being
useful in the agricultural field, identifying layers in cultivable soils and describing their
heterogeneity. The proposed device is the appropriate tool for the 3D mapping of soil
electrical conductivity.

6. Patents

The methodology described in Section 3 and the device presented in the Figure 10 has
patent registration PI10128255A2.
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