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1. Introduction

A dam can be understood as a
structure built across a river or thal-
weg aimed at damming and elevating
the water level, to create a reservoir of
water. This reservoir can be used for
several purposes: flood control, irriga-
tion, power generation, navigation, flow
regularization, urban and industrial
supply, fish farming, recreation, tourism,
industrial tailings, among other goals.

Water as a resource plays a key role
in life in general and consequently in the
world economy. The settlement of civili-
zations in different regions of the Earth
was always closely dependent on the
possibilities of water supply (Tanchev,
2014). In this context, the dams had a
key role in the development of civiliza-
tions. Its construction was motivated
mainly by the shortage of water in the
dry season and the consequent need for
water storage in dams performed on
empirical bases.
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Unfortunately, problems with
dams are frequent. Technological de-
velopment has provided improvements
over time, but there are still reports
of problems associated with dams.
Between 2000 and 2009 140 incidents
were reported only in Brazil (Perini,
2009). A large part of these incidents is
associated with problems of infiltration
and internal erosion (piping). The larg-
est cause of accidents in Earth dams is
associated with erosion (Boneli, 2013).

On November 5, 2015, there oc-
curred an accident in a tailings dam of
the mining company Samarco in the
city of Bento Rodrigues — MG. One of
the three dams of the company broke
while undergoing heightening works.
According to IBAMA, there was an
overflow of at least 34 million cubic
meters of tailings from mining, causing
severe damage to the local community.
The episode is rated as the largest envi-

ronmental disaster in the country, since
the tailings caused the extermination
of much of the fauna of Rio Doce and
reached the coast of Espirito Santo, in-
cluding all local biome (IBAMA, 2015).

Geophysics is an important tool
for the investigation of structures like
dams. Several case studies of dams
inspected by geophysical methods have
been reported (Medina and Dominguez,
1989; Loh and Wu, 1996; Karastathis et
al,2002; Osazuwa and Chinedu, 2008),
but the electric resistivity method is
little exploited for inspections of dams
(Malagutti Filho ef al., 1999; Al-Fares,
2011; Minsley et al, 2011; Bedrosian et
al, 2012; Case, 2012).

The present work has as its theme
the application of the electric resistiv-
ity method for investigations within
the body of a small earth dam, with
the purpose of identifying areas of
water percolation.
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2. Area of study and geological context

The study area is located in the
rural municipality of Cordeirépolis in
the State of Sdo Paulo. The area can
be accessed by the Washington Luis
Highway (SP 310) (Figure 1).

The geological context of the area
of study is the Parand sedimentary
basin. The local geology is composed

primarily of basic volcanic rocks of
the Serra Geral Formation, which
consists of a sequence of basaltic con-
tinental lava flows with about 1,500
m of thickness along the center of the
basin, with coverage up to 1,200,000
km? (CPRM, 2003). According to
Sousa (2002), the form of occurrence

of the Serra Geral Formation in the
eastern region of the Sdo Paulo State
are dikes and sills of basalts, plus a
few narrow spills. The decomposition
of the rocks generates a clay soil of the
Latosol type. This soil amendment is
the main material of loan used in the

body of the dam.
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3. Methodology

In the Direct Current (DC) resis-
tivity method, electrical currents arti-
ficially generated are introduced into
the soil through a pair of electrodes,
and potential resulting differences
are measured on the surface through
another pair of electrodes, in the area
of influence of the electric field. Any

The unity of the apparent resistiv-
ity is measured in Ohm.m, the potential
difference is measured in milivolt (mV),
while the current intensity is measured in
miliampeére (mA) and the geometric coef-
ficient K in meters. In the case of earth
dams, the contrast of physical properties
of materials such as water and soil may
indicate abnormalities in the structure.

At the place of study, three electrical
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existing heterogeneities in soils and
rocks as bedding, foliation, fractures,
as well as elements such as mineralogy,
moisture content, porosity and perme-
ability, can result in significant changes
in the propagation of an electric field
and provide definitions of contrasts
structures to the local pattern (Kearey

pa=KAV/IQm.

resistivity tomography (ERT) were carried
out from southwest to northeast. The ar-
ray used was Wenner with 53 electrodes
spaced every 2m. Each ETR was 104m
long, which allowed to cover the entire
length of the dam and provided a resolu-
tion of approximately 17m of depth. The
ETR-1 was leased closest downstream;
ETR-3, closest to the upstream (Figure 1).
The equipment used for this study was an
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Figure 1
Location of the studied area and
positions of the geophysical lines in the dam.

et al, 2002). From the intensity of cur-
rent that runs through the basement
(1), the geometry of the arrangement
of electrodes (K) and the potential
difference measured by electrodes re-
ceivers (AV), it is possible to calculate
the apparent resistivity value due to
heterogeneity. Equation:

ABEM Terrameter LS of 84 channels and
power of 250W (ABEM, 2012).

In one day, 312m of geophysical data
were acquired distributed in three ETRs
arranged parallel to the ridge and in the
direction of greater elongation of the body
of the dam (Figure 2). Each line was run
104 meters long, with 53 electrodes spaced
every 2m, with the space between ERTs

was of 3m.



Figure 2
Acquisition of ERT 1, with
details of the electrodes and equipment.

4, Results

The data were processed on Res2dinv
software, presented in the form of sections
distance x depth, in the form of inversion
model in terms of electrical resistivity (Loke
and Baker, 1996). This program is designed
for processing large data sets in two dimen-
sions acquired by means of electrical imag-
ing technique. The inversion process consists
of a series of rectangular blocks. The layout
of the blocks is linked to the distribution of
data points on a pseudo-section, i.e. the sec-
tion generated by in-depth theoretical field
data. The distribution and the size of the
blocks are generated automatically by the
program according to the distribution of the
data points. The depth of the bottom row of
blocks is set to be approximately equal to the
equivalent depth of investigation of points
with the largest gap between electrodes
(Edwards, 1977). The direct modeling tech-
nique is used to calculate the values of appar-
ent resistivity, while the model of inversion
is the technique of nonlinear optimization
for least squares used in an inversion routine
(Degroot-Hedlin and Constable, 1990; Loke
and Baker, 1996).

The sample geophysical data mesh
was planned with the aim of lateral line
interpolation from the values of resistivity
measurement and models of 2D inversion,
through the method of minimum curvature,
with the aid of the Oasis Montaj, Geosoft
platform program. From the lateral interpo-
lation, patterned lines generated images in
three dimensions - pseudo-3D, procedure
adopted in some scientific articles (Moreira

& Ilha, 2011; Moreira et al, 2012; Moreira
et al., 2016a; Moreira et al., 2016b; Vieira
etal., 2016 & Cortes et al., 2016).

The lines of electrical tomography
were performed by means of the Wenner
arrangement, due to its excellent signal/
noise ratio and trend of horizontal spread
of the electric field. In general, the red/yel-
low presents values of higher resistivity; the
tones of cold colors, such as blue, feature
lower resistivity values. All ETRs picked up
the spillway of the dam. In the investigated
case this spillway is made of concrete. Due
to the large physical properties contrast
with the body material of the dam, on all
images this structure is well visible and eas-
ily identified. The spillway is characterized
by a large zone of high resistivity, which
occurs approximately between 39m and
43m (Figure 3).

Besides the high resistivity of the
spillway area, there is another area of high
resistivity in the lower portion of the images,
interpreted as the contact of the soil with
rocks of the Serra Geral Formation.

The ETR-1 nearest downstream, fea-
tures a low resistivity, with less than 100Q.m
horizontally between 19m and 45m and
vertically between 4m and 8 m from the
surface. This zone was named LRZ-1 (Low
Resistivity Zone). The LRZ-1 is visible on
ETR-2 between the same ranges but with a
slightly lower resistivity in the center of the
anomaly. This also occurs on ETR-3, but
greater than in ETR-1 and 2; resistivity focus
is smaller, with less than 60Q2.m. In ETR-3
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the anomaly is distributed horizontally be-
tween 18m and 45m and between 2m and
8m of depth (Figure 3).

The ETRs can also identify ad-
ditional zones of low resistivity, as the
LRZ-2 between 46m to 52m, next to the
spillway. The location near to the spillway
might cause the generation of this zone by
means of infiltration of water next to the
upper portion of the dam. This infiltration
generates an electrical conductor contrast-
ing with the nearby dry soil and concrete
characterized as an electrical insulator.

Between 10m and 32m, it is also
possible to identify the third zone of low
resistivity, denominated LRZ-3. This zone
is shallower with a maximum depth of 2
m below the surface, and may be related
to a point of weakness caused by a layer
of soil with insufficient compression, and
consequently high permeability. Both the
LRZ-2 and the LRZ-3 are most notable in
Figure 4, which shows the block diagram
of 3D visualization.

In the pseudo-3D images, it is pos-
sible to identify the shape of the LRZs,
modeled in isosurfaces of 60Q.m. In
general, the areas have a greater lateral
distribution. The use of the Wenner array
favors the prominence of structures with
greater horizontal distribution and it helps
to identify the horizontals anomalies. It is
still possible to identify trends of major
low resistivity streams and locate the

areas of greatest intensity of these zones
(Figure 4).
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5. Conclusions

The low resistivity zone LRZ-1 in the
dam of Cordeir6polis is the most visible
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in electrical resistivity tomography. The
intensity and the size of the zone are higher
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Figure 3

Inversion models of the

electric resistivity, with soil/rock contact,
spillway and LRZs (Low Resistivity Zone).

Figure 4

Pseudo-3D model of electric resistivity,
with rocky top contact and isosurface
modelling of the low resistivity (60€2.m).

upstream than downstream This feature
is interpreted as a saturation zone due to



a probable preferential flow of water ac-
cumulation in the direction perpendicular
to the axis of the dam.

One of the mechanisms that may
have led to the formation of such area
could be a layer of soil that has not reached
the desired compression level. This can
give rise to a stratum where the horizontal
permeability is greater than the vertical
permeability - kh > kv, which would justify
such infiltration. The LRZ-3 occurs in a
shallow area and has its origin associated
with the origin of the LRZ-1. The LRZ-2
has a lesser extent and points out a zone
of weakness at the dam. This zone is in-
terpreted as a location prone to internal
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the diagnosis of possible pathologies of
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the results.
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