Revista Brasileira de Geofisica Revista Brasileira de Geoffsica (2016) 34(4): 559-570

© 2016 Sociedade Brasileira de Geoffsica
ISSN 0102-261X

Brazilian Journal of Geophysics www.scielo.br/rbg

CHARACTERIZATION OF AN EXPERIMENTAL CELL IN A MUNICIPAL SOLID WASTE
LANDFILL USING 2-D ELECTRICAL PROFILING TECHNIQUE

Antonio Carlos de Siqueira Neto! and Vagner Roberto Elis?

ABSTRACT. The electrical resistivity method (ER) with the electrical profiling technique (EP) were applied to landfill Delta A, located next to the highway dos Ban-
deirantes in Campinas (Sdo Paulo, Brazil). Within the landfill there is a region of approximately 5,200 m? called “experimental cell” with waterproofing base through
HDPE (High Density Polyethylene) geomembrane which is regular monitoring by the UNICAMP Geotechnical Department. The main objective was to verify how the body
of waste and the geomembrane are imaged with EP technique, and if there is evidence of leachate concentration areas and how the images would be if there was rupture
of the geomembrane leaking. In the area were performed 6 lines with a length of 110 m and 12 m spacing between them using dipole-dipole array with electrode spacing
of 4mand 5 m. The survey provides information about the experimental cell, identifying the resistive layer (geomembrane) and allowed us to compare the data with
simulations in the laboratory. Subsequently, due to the concentrations of slurry generating points of high conductivity values, it is advisable to use other methodologies
such as the ground penetrating radar (GPR) and the electromagnetic (EM-34), to compare the data obtained with the method used in this survey.

Keywords: electrical resistivity, landfill, experimental cell.

RESUMO. 0 método de eletrorresistividade (ER) utilizando a técnica de caminhamento elétrico (CE) foi aplicado no aterro Delta A, localizado ao lado da rodovia dos
Bandeirantes no municipio de Campinas (SP). Dentro do aterro ha uma regido de aproximadamente 5.200 m? denominada “célula experimental”, com impermeabilizagao
de base por meio de geomembrana de PEAD (Polietileno de alta densidade) onde ocorre um monitoramento regular pelo Departamento de Geotecnia da UNICAMP. Esse
projeto teve como objetivo principal verificar como o corpo de residuos e a geomembrana s3o imageados com a técnica de CE, e se existe evidéncia de zonas de
concentragdo de chorume e como seriam as imagens caso houvesse ruptura da geomembrana com vazamento. Na drea foram executadas 6 linhas com extensdo de
110 m e espacamento equidistante de 12 m, utilizando arranjo dipolo-dipolo com espagamento entre eletrodos de 4 me 5 m. O levantamento de CE forneceu informacoes
precisas sobre a célula experimental, identificando a camada resistiva (geomembrana), e a auséncia de vazamento do chorume e nos permitiu comparar os dados com
simulacGes feitas em laboratério. Posteriormente, € aconselhavel utilizar outras metodologias como o georadar (GPR) e o método eletromagnético (EM-34) para comparar
0s dados obtidos com a utilizagdo do método ER neste levantamento.
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INTRODUCTION

The significant increase in world population has created great
impact and challenges for the next generation, production and
disposal of solid waste is one of them. The amount of this waste
in the world is around 12 billion tons/year and by 2020 the
expected volume is 18 billion tons/year (UNEP-EEA, 2007). In
Brazil the issue is the same and waste generation increased by
1.3% from 2011 to 2012 and, production for the year 2012 was
approximately 63 million tonnes (ABRELPE, 2012). The Min-
istry of Environment in 2010 created the National Policy on
Solid Waste (NPSW) which intends to implement landfills in all
Brazilian municipalities which are found overcrowded in some
municipalities and in others are absent.

The management of MSW (Municipal Solid Waste) has been
a real chalenge for public managers due to problems such as
available areas, environmental licensing, transportation costs,
among others. According to the National Basic Sanitation Sur-
vey (IBGE, 2010), the current situation of Brazilian municipal-
ities concerning the final disposal of municipal solid waste is:
50.8% of Brazilian municipalities dump solid waste in landfills,
22.5% dispose in controlled landfills, 27.7% use the landfill
for disposal.

Several studies of groundwater pollution shows that all dump
or controlled landfill causes some kind of pollution. Thus, con-
cerns such as contamination of soil and water resources, plants,
animals and man, as a result of the presence of metal contam-
inants from the improper disposal of solid waste, lead the re-
searchers to focus their research objectives to these problems
(Oliveira & Pasqual, 2004).

The omission of the surveillance authority or the simple in-
difference of the population, often result in the illegal disposal
of waste, usually in inappropriate areas, such as springs, rivers
and areas of permanent protection. The slurry generation (liquid
pollutant generated from the decomposition of organic residues)
can exceed fifteen years after the end of the deposition of waste,
depending on several factors (Possamai et al., 2007). If the soil
under the waste is permeable and unprotected, the slurry can
reach the water level, thus, contaminate aquifers in the nearby.

Currently geophysical methods have been widely used in
the contamination plume studies because of its speed and rela-
tively low cost when compared to other investigative techniques.
The main geophysical methods for the investigation of con-
taminants are: Electromagnetic, Electrical Resistivity, Sponta-
neous Potential, Penetrating Radar Soil and eventually Magnetics
(CETESB, 2001).

This project was developed in the landfill Delta A in Cam-
pinas (SP), which receives all MSW. In this landfill there is na

experimental cell implanted and monitored by the Geotechnical
Department of Unicamp (University of Campinas). The effluent
flow control in the cell indicates possible slurry accumulations.
Though, the use of resistivity method is ideal to identify slurry
pockets due to the resistivity contrast in the middle, the struc-
ture of the experimental cell can be a limiting factor, since HDPE
(High Density Polyethyleng) is an electric insulating material.

During the development of the research, mathematical
models were made simulating the situations created in the
Experimental Cell and later compared with the sections obtained
through the actual tests. This comparison will be important for
evaluating the performance of the methodology used.

According to all these factors, the main objective was to
verify how the body of waste and the geomembrane are imaging
with electrical resistivity, if there is evidence of leachate concen-
tration areas and how would the images be in case of a geomem-
brane rupture with leachate leaking. Therefore, it is expected the
manufacture of a geoelectrical model ideal for the research area.

SITE DESCRIPTION
Location of the experimental cell

The study area is located in an experimental cell inside the Delta
A sanitary landfill in the city of Campinas-SP, about 20 km from
the city center and close to the Bandeirantes Highway. The route
of access is the side road coming from Av. John Boyd Dunlop
(Fig. 1). The landfill Delta A receives all municipal solid waste
in the city of Campinas and has had its time of use extended
several times.

This experimental cell was made for geomechanical studies
of municipal solid waste and geo-environmental by researchers
from Unicamp. And although it has been installed in accordance
with the existing precepts of the engineering landfill, its operation
does not occur properly. In the 5 locations where there is control
of the slurry flow, two have a low flow, indicating a possible prob-
lem in the drainage generating slurry pockets. Thus, this project,
besides studying the responses of the waste and how the geo-
electric methods identify the geomembrane, it also investigates
the presence of the pockets.

Installation of experimental cell

The installation of the experimental cell at the landfill Delta A
was carried out by Benatti et al. (2013). It is located on top of
the massive landfill Delta A, at elevation 630 m, covering an area
of 5,080 m?, and it is designed to receive solid domestic waste,
classified in the categories of waste Class II-A and I1-B (Fig. 2A).
The project has a total volume capacity for waste disposal of
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Figure 1 - Location of the municipal solid waste (MSW) landfill Delta A and its access roads.

approximately 15,000 cubic meters, and filling capacity of 20
days. The basic waterproofing system experimental cell was com-
posed of a layer of compacted soil 50 cm thick HDPE geomem-
brane and non-woven geotextile.

A HDPE geomembrane with 1.5 mm thickness was installed
over the compacted soil layer (Fig. 2B). Above the geomembrane
was installed a geotextile non-woven (300 g/m?) with mechani-
cal protection of the geomembrane purpose. Over the geotextile
is disposed a layer of sandy-silt with 10 cm thick, in order to offer
thermo-mechanical protection of geosynthetics.

The leachate drainage system was performed with a 30.0 cm
thick layer of gravel disposed over the entire base of the cell,
including the central channel, with 30 cm deep and 2 m wide.
This stage also included the execution of the flow measurement
box. Figure 2C demonstrates the final stage of the drainage layer’s
installation.

The system of gas drainage was built with 5 drains with cir-
cular section and 1.5 meters of diameter, with screens that had a
mesh of 10 cm x 10 cm, welded with a 4.2 mm wire. Each screen
cylinder was filled with gravel and had at its center a drain tube
(30 cm diameter) concrete perforated across its wall. Later, inside
the piezometers tubes and the pressure vessels were installed gas
collection system capable of collecting the gas produced in the
five drains and direct it to a single point, where a device able to
measure the gas flow must be installed. About a month before the
waste disposal in the experimental cell, a campaign of gravimetric
characterization of MSW has started.

Throughtout the procedure, 22 gravimetric characterization
trials were performed, totaling 5500 kg of MSW characterized.
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The experimental cell had its full operation performed only during
the day. This choice was made in order to avoid shocks between
crawler dozers and vertical gas drains, which are more usual at
night due to lower visibility. To complete the filling, it was used
only garbage trucks. During operation, two D-6 crawler dozers
worked in the cell, which assisted in the opening of the trucks.
Figure 2D shows the MSW compression stage within the cell.

The cover layer was composed of a layer of compacted soil
with 50 cm thick. And the same soil of the base layer was used,
originating from a mine located in the area of the landfill Delta A.
Following the completion of this layer, 40 surfaces landmarks
were installed over the cell.

MATERIAL AND METHODS
Theoretical review

The use of geophysical methods in landfills in order to map con-
tamination plumes has increased over the years, the state and
municipal bodies are widely interested in the results obtained by
geophysical methods, given its indirect application and accurate
results (Meju, 2000; Abu-Zeid et al., 2004; Stevanato et al., 2004;
Johansson et al., 2007, Laureano & Shiraiwa, 2008; Oliveira
etal, 2011).

The direct current electrical resistivity method usually works
with two currents (A and B) and two potentials (M and N) elec-
trodes, all fixed onto the soil surface. A potential difference is
applied between the electrodes A and B and, as a result, a di-
rect electrical current travels through the soil. The current value
is measured and recorded. The electrodes M and N are used to
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Figure 2 — Installation of the experimental cell. A) Implementation of the experimental cell at the MSW landfill Delta A. B) Geomembrane installation in the beginning
of the implementation of the experimental cell. C) Drainage system completed. D) Compression of the MSW within the experimental cell. (Extracted from Benatti
elal., 2013).

measure the potential difference that is established on soil and
associated with the travelling current. It is noteworthy that the soil
already has a natural electric potential, called spontaneous po-
tential, which must be subtracted from the measurement between
electrodes M and N. Thus, knowing the current that travels the
subsoil, the electrodes arrangement geometry and the potential
measured between electrodes M and N, it allows us to calculate
an apparent electrical resistivity value named as such because itis
measured in a heterogeneous and anisotropic medium as a func-
tion of the electrode array (Orellana, 1972; Telford et al., 1990).
The development of 2-D electrical imaging equipment was
accompanied by the development of specific computer soft-
ware to represent this type of measurement, such as RES2DINV
(Loke & Barker, 1996a; 1996b). This software inverts the set of
measures, i.e., allows to build a subsurface geoelectrical model,
whose response to the energization reproduces, as best as
possible, the measurements obtained. This geoelectrical model

is subsequently interpreted in terms of the geological/hydro-
geological/pedological model that fits best the studied area.

DATA ACQUISITION AND PROCESSING

During the field work the geophysical equipment used was
the device which combines Syscal R2 Plus transmitter (Tx) and
Syscal Elrec Pro receiver (Rx), powered by a 12 V battery (Fig. 3)
and whose specifications include output voltage up to 1000 V.
The equipment has a microprocessor-controlled electronic cir-
cuits that perform operations internally (Rx), such as the calcu-
lation of resistivity averages and, in addition, perform checks on
the circuit before showing the result and it is a multichannel equip-
ment which allows multiple potential dipoles to be used simulta-
neously in order to obtain the resistivity measurements (Tx).

The dipole-dipole array was used for data acquisition, this
arrangement presents spaces between the centers of the dipoles

Revista Brasileira de Geoffsica, Vol. 34(4), 2016
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Figure 3 — Resistivity meter Iris Syscal R2 Plus (Tx), Syscal Elrec Pro conversor and voltage converter (Rx) and 12 V battery used in the acquisition.

(AB and MN), variable along the raised line, and for each level of
research (theoretical depth) a particual spacing of dipolar surface
is given. Other particularities of the dipole-dipole array are the
distances between the current electrodes A and B, that are equal
to the potential electrodes M and N.

Typically, measurements are performed at several depths of
investigation, i.e. n =1, 2,3, 4 and 5, assigned at the intersec-
tion of lines that run from the center of AB and MN with 45 degree
angles (Fig. 4). The obtained data represented by the letter L in
the equation are plotted in the positions n =1, 2, 3, 4and 5, and
interpolated, generating an apparent resistivity pseudo-section.
Equation (1) is used to calculate the apparent resistivity.

pa K = AV/I (1
K=2r-L X (2)
L=1/[(1/n) = 2/n+1)+(1/n+2)] Q)

pa = apparent resistivity (ohm.m);

K = geometric factor for the used arrangement (m);

AV/T = electrical resistance (ohm.m);

L = distance of the multiple dipoles (typically n =1, 2, 3, 4
and 5);

X = distance moved by dipoles (m);

m = 3.1415;

AV = difference in electric potential (mV);

I = electrical current (mA).

The electrical profiling (EP) technique was applied distributed

in 6 lines (Fig. 5), with a length of 100 m and 12 m spaced be-
tween the lines. It is used the dipole-dipole array with electrode
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spacing of 4 m (lines C1 and C2) and 5 m other lines, thereby
obtaining 9 theoretical levels of investigation.

All the data have been processed jointly using the RES2DINV
software (Loke & Barker, op. cit.). This software adopts a rapid
technique for inverting apparent resistivity data into actual resis-
tivity, which is much more useful for geological interpretation.
Theoretically, it produces a subsurface geoelectrical 2-D model
free of the distortions from the pseudo-sections of apparent re-
sistivity caused by the geometry array used.

2D FORWARD MODELING

In order to compare hypothetical situations with real data field,
synthetic models were created to portray the situations found
in the experimental cell. All modeling used the RESIXIP2Di v3
software (Interpex, 1996), which calculates the theoretical re-
sponses from geoelectrical model with the method of “Finite
Elements” (Rijo, 1977) and 2D inversion method used “Simple
Least-Squares” (Inman, 1975).

The synthetic model is constructed from a section of rectan-
gular cells (“grid”) that extend laterally to the first current elec-
trode to the last potential electrode. Subsequently, each rectangle
is divided into four triangles to generate a finite element mesh.
In this mesh, during a polygonal modeling, allowed the construc-
tion of several polygons in which values of resistivity and dimen-
sions are assigned.

Thus in polygonal modeling the interpreter defines a back-
ground value and several polygons, each containing constant
values of resistivity, so that the values of the triangles of the finite
element mesh contained within the polygons become uniform, as
well as those of the background.
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Figure 4 — Arrangement scheme dipole-dipole used in the electrical profiling technique. The dotted lines represent the current flow lines and
the full lines the equipotential lines. The letter “n” represent the theoretical levels of investigation (n1 to n5). Letters “x” and “nx” represent the
distance between transmitter electrodes A and B, and the distance between transmiting dipole to receiving dipole. (Adapted from Braga, 2016).
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Figure 5 — Distribution of six lines (C1, C2, C3, C4, C5 and C6) of EP technique covering the experimental cell. The
empty circles represent the position of the measures and the direction of the survey vary to NE-SW to SW-NE.

During the simulation of the model, the current is injected
into each node of the mesh to the theoretical depths defined by
the grid and the current electrodes are responsible for generat-
ing the voltages at the potential electrodes. The interpreter pro-
vides the program with information about the field arrangement

and electrode positions, so that the combined results provide the
apparent resistivity values in the pseudo-section.

Once understood the working process of the mechanism,
the stage of the model's creation, was performed. At this stage,
information such as size and position of targets, the type of

Revista Brasileira de Geoffsica, Vol. 34(4), 2016
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Figure 6 — 2D Profile modeled resistivity (ohm.m) corresponding to the line 1 — C1 (out of the experimental cell).
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Figure 7 — 2D profile modeled resistivity (ohm.m) corresponding to the line 2 — C2. The dotted line represents the resistive layer (geomembrang).

arrangement (dipole-dipole), the opening of the dipole and resis-
tivity values (parameters used in the simulations) assigned to the
targets and background, were supplied to the program. The as-
signment of values for the resistivity model was made respecting
the characteristics of the targets.

During the simulations, resistivity values were indicated for
later be used in profiling the slurry and HDPE geomembrane,
being 1.5 ohm.m to 25 ohm.m for the characterization of slurry
and 100,000 ohm.m representing the ggomembrane. And finally,
we made three synthetic models using RESIXIP2DI software in or-
der to simulate certain events and compare them with the actual
results from the data collected in the field.

RESULTS

Electrical Profiling Technique

Inline 1, performed on the NW outer edge of experimental cell and
directly on the landfill, we have low resistivity values that rarely
vary (<25 ohm.m), due to the position directly over the waste
(Fig. 6). Near the surface we have a band with slightly higher re-
sistivity (ohm.m ~37) corresponding to the ground cover.
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Line 2 was held on the edge of the cell and is shown in Fig-
ure 7. The dashed line indicates the interface between the residues
and the geomembrane. In this line we have resistivity values in a
range from 10 to 75 ohm.m corresponding to the municipal solid
waste (MSW) and also out the ground cover layer in some ar-
eas. Below the body of waste, where the ggomembrane is located,
there are high resistivity values (which are up to >500 ohm.m).
The geomembrane is an insulating body, so there is no penetration
of electrical current below it, and as a result (due to the concept
of apparent resistivity) has a highly resistive layer that does not
match the geometry and real resistivity of the experimental cell.

In Figures 8 and 9 we see the results of lines 3 and 4, and we
can notice an approximately constant level with resistivities less
than 70 ohm.m which indicates the level of slurry within the body
of waste. Some lower resistivity regions 10 ohm.m (in dark blug)
may correspond to a slurry buildup.

In line 5 (Fig. 10), we have a similar result to the previous
lines with values < 70 ohm.m corresponding to the accumu-
lation of slurry above the geomembrane, we can also see areas
where slurry accumulation represented values ranging from 5 to
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Figure 8 — 2D profile modeled resistivity (ohm.m) corresponding to the line 3 — C3. The dotted line represents the resistive layer (geomembrane).
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Figure 9 — 2D profile modeled resistivity (ohm.m) corresponding to the line 4 — C4. The dotted line represents the resistive layer (geomembrane).

10 ohm.m, the interface between the cell and geomembrane is
once again marked by different resistivity values, since below the
impermeable layer values are too high >145 ohm.m reaching
>500 ohm.m.

The line 6 (Fig. 11) was performed on the SE outer edge of
the experimental cell as well as the line 1 out of the geomem-
brane limits. Resistivity values vary slightly (10 to 40 ohm.m)
also has low resistivity areas (<10 ohm.m), which may indicate
the buildup of slurry. EP data collected in the field were pro-
cessed and filtered using RES2DINV software, which provided
the modeled resistivity sections.

2D forward modeling
In parallel to the real geoelectric results obtained in the field
three synthetic models of experimental cell behavior were made,
simulating certain situations. For it, was used the RESIXIP2Di
software which allows this type of interaction. Synthetic models
were compared to the actual model, permiting a statement inter-
pretation of the most likely situation found in the field.

In Figure 12 (A and B), we have a model of experimental cell
with the installation of the geomembrane, in this model we can

see that three resistivity values are defined, and 5 ohm.m inside
the cell, 25 ohm.m in depth and 100,000 ohm.m for the geomem-
brane. A resistivity section in RES2DINV with these values was
generated. In Figure 13 (A and B) we model the experimental cell
with the installation of the geomembrane and slurry levels inside
the cell, in this model we can see that four resistivity values are
defined, 1.5 and 25 ohm.m inside the cell and 25 ohm.m in depth
and 100,000 ohm.m to geomembrane.

In Figure 14 (A and B) we have the model of the experimental
cell with the installation of the geomembrane, with slurry levels
inside the cell, with 1 m diameter hole at the center and leakage
slurry. This model was designed with small proportions diam-
gter hole and a plume of major proportions, in order to repre-
sent as best as possible a real leaking slurry. We can observe
that four resistivity values are defined, 5 ohm.m inside the cell
and for the slurry leakage 25 ohm.m and another level of slurry
inside the cell with 35 ohm.m in depth and to 100,000 ohm.m for
the geomembrane. In this model, the objective was to determine
how would the resistivity values behave when there was disrup-
tion of the geomembrane and leachate leakage below the limits
of the experimental cell.

Revista Brasileira de Geoffsica, Vol. 34(4), 2016
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Figure 10 — 2D profile modeled resistivity (ohm.m) corresponding to the line 5— C5. The dotted line represents the resistive layer (geomembrane).
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Figure 11 — 2D profile modeled resistivity (ohm.m) corresponding to the line 6 — C6 (out of the experimental cell).

Therefore, combining field data and the data collected in the
simulations it can affirm that there is not a leakage of slurry
below the geosynthetic layer and what really happens its a slurry
accumulation in the experimental cell in a heterogeneously form,
represented by variation in the resistivity values in the middle.
It can say that the model in Figure 13 (A and B) is close to that
found at the local of research.

DISCUSSION AND CONCLUSIONS

The results obtained validate the use of geoelectrical methods in
the characterization and mapping of contamination in environ-
mental applications. The EP technique provided information on
the experimental cell, identifying the resistive layer (geomem-
brane) which allowed us to compare the field data with simula-
tions in the laboratory. Although, the method is limited by the
resistive layer, it is not possible to verify the actual resistiv-
ity below the geomembrane, due to its insulating effect. From
the simulations obtained through mathematical modeling, the
one that corresponded the most with the actual data field was
the one with leachate levels and application of geomembrane
(Fig. 13), its resistivity profile is very close to that found in Fig-
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ures 7, 8, 9 and 10 from the resistivity profiles. Some com-
bined results located have a very low resistivity suggesting
zones with slurry concentration, confirming the indications of the
cell monitoring wells. Therefore, using the EP technique, it was
possible to identify the geomembrane (resistive layer) in the elec-
troresistivity profiles, as well as a synthetic model as a standard
model (Fig. 13) for the study area and was delimited points of ac-
cumulation of slurry. Subsequently, due to the concentrations of
slurry generating points of high conductivity values, itis advisable
to use other methodologies such as the ground penetrating radar
(GPR), due to the continuity of its profiles and the high resolution
obtained and the electromagnetic method (EM-34), to compare
the data obtained with the method used in this survey.
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