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Abstract
Safety conditions in geotechnical structures require the investigation of the phenomena responsible for the loss of their stabil-
ity. When combined with commonly used direct investigations, geophysical methods add greater efficiency to geotechnical 
investigations, since their application allows the acquisition of a large amount of data in a short period of time, and at a 
relatively low cost. In this context, the present study aimed to evaluate percolation through the massif of a small earth dam, 
based on an integrated interpretation of results obtained with the application of the geophysical methods of Electroresistivity 
and Self Potential, in addition to results from geotechnical investigations previously carried out on the structure. The results 
proved the efficiency of the proposed methodology, allowing the confirmation of hypotheses formulated by other authors 
in previous studies of the same dam. Also, the results allowed the evaluation of the efficiency of correction works carried 
out in the dam massif to solve the problems caused by a piping process. Among the identified geotechnical properties, a 
preferential flow path, which indicates the occurrence of a water loss process through the dam foundation layer, was detected 
and can be linked to the occurrence of a landslide on the downstream slope of the embankment. It can be concluded that 
the geophysical survey effectively evaluated the geotechnical conditions and seepage within the massif and its foundations, 
meeting the study's objectives. Both shallow and deep flow paths in the study area were delineated, pinpointing the factors 
contributing to their occurrence.
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Introduction

The construction of earth and rockfill dams is among the 
oldest activities carried out for the benefit of human com-
munities, with the first examples of such structures having 
been built since a few millennia ago (Kutzner 1997). In Bra-
zil, small earth dams are built for various purposes, such as 
human supply, agricultural exploitation and flood regulation 
(ANA 2016).

Given the socio-economic importance of these struc-
tures and the potential for human and material losses and 

environmental damage that may result from their failure, 
the assessment of flow conditions in massifs of earth dams 
is a matter of great interest and relevance for both the com-
munity and the general population.

An example of a structure whose failure can have severe 
impacts on the surrounding community is a small earth dam 
located in the city of Viçosa, Brazil. The dam has the func-
tion of storing water for human supply, and in July 2022 a 
partial failure was recorded on the downstream slope, close 
to the right abutment.

The failure mechanisms commonly associated with the 
presence of water in the massif of earth dams include pip-
ing, which consists of a form of internal erosion that results 
in the emergence of preferential flow paths in the massif 
due to the lack of control of percolation (Fell and Fry 2007; 
Robbins and Griffiths 2018) and the phenomenon of lique-
faction, which is associated with the generation of excessive 
pore pressures in sandy soils in the loose state (Casagrande 
1976).
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Ongoing monitoring activities are the most effective prac-
tice for managing safety and operating conditions in earth 
dams. Several procedures were developed to investigate 
and monitor the geotechnical and geological characteristics 
of the embankments, such as the execution of percussion 
drilling and the installation of water level meters, piezom-
eters and inclinometers (Kutzner 1997; Cruz 2004). In a 
complementary way, geophysical methods can be applied 
as an efficient practice to investigate the internal structure 
of soil or rock masses, allowing the acquisition of a large 
volume of data, relatively quickly and non-invasively, and 
which is applicable in steep areas that are hard to reach by 
equipment used in conventional investigation (Jongmans and 
Garambois 2007; Kearey et al 2009). In addition, parameters 
measured during geophysical investigations jointly reflect 
the geological and hydrological characteristics of the under-
ground material, which sometimes cannot be identified sepa-
rately (Pazzi et al. 2019). In this context, for investigations in 
earth dams, geophysical methods studying the properties of 
the electric field in the subsurface, such as Electrical Resis-
tivity and Spontaneous Potential methods, are intensively 
applied.

The Electrical Resistivity (ER) method is an active 
method, in which an electrical signal is transmitted in the 
subsurface. The property calculated from the measure-
ments of electrical properties of the underground materials 
is the electrical resistivity, which is related to the difficulty 
encountered by the electrical current to propagate through a 
given medium. Since the minerals forming rock matrices are 
generally worse electrical conductors than water, the resis-
tivity of soils and rocks is influenced by the presence of 
water in their pores, which acts as an electrolyte. Thus, resis-
tivity in sedimentary media depends on the porosity of the 
material, the fraction of pores filled with water (saturation) 
and the type and concentration of ions dissolved in water, 
among others (Lowrie 2007; Dentith and Mudge 2014).

The most common applications of ER surveys in earth 
dams include the delimitation of contact zones between 
materials with different electrical resistivity (Cardarelli et al. 
2010; Grangeia et al. 2011), the mapping of the water table 
(Bedrosian et al. 2012; Rocha et al. 2019) and the detection 
of preferential flow paths through the massif (Bièvre et al. 
2017; Camarero and Moreira 2017; Raji and Adedoyin 2019; 
Franco et al. 2024). These features are usually associated 
with regions showing anomalous resistivity bands in relation 
to their surroundings.

Raffek (2016) underscores the dependence of soil resis-
tivity on the amalgamation of its three phases (solid, liquid, 
and gas). The resistivity of the liquid phase correlates with 
its ionic concentration, while grain resistivity is contingent 
upon surface electric charges, with air serving as an insu-
lating agent. Regarding the measurement of resistivity in 
anisotropic media, both the ratio and geometric alignment 

of constituent materials exert an influence on the resulting 
resistivity value. For example, laminar structures exhibit 
variable resistivity when assessed parallel or perpendicu-
lar to the direction of laminations (Reynolds 2011). Telford 
et al. (1990) suggest that in heterogeneous environments, the 
apparent resistivity of the medium is ascertained, approxi-
mating the true resistivity of the area. However, this appar-
ent resistivity value does not merely reflect an arithmetic 
average of the resistivities of the materials comprising the 
subject medium.

On the other hand, the Self Potential (SP) method is 
based on the natural potential that can be measured between 
two electrodes coupled to the surface, without the applica-
tion of an artificial electric field (Corwin 1990). The main 
mechanism responsible for generating spontaneous potential 
signals in earth dams is the electrokinetic (flow) potential, 
which occurs from the flow of water in a porous medium. 
Anions are absorbed by the soil capillary network, forming 
an electrical double layer, while cations are carried by the 
water flow, generating a higher concentration of positive ions 
downstream (Gallas 2005).

The most common application of SP surveys in earth 
dams is the detection of infiltrations in the massif, which 
can indicate internal erosion (Panthulu et al. 2001; Bolève 
et al. 2011; Netto et al. 2020). This phenomenon is generally 
associated with the occurrence of negative SP anomalies 
downstream.

In order to obtain more precise interpretations of data 
acquired by geophysical methods, these results can also be 
analyzed together with geological data collected in the field 
in the study area (Andrades-Filho et al. 2014; Medeiros and 
Córdoba 2020). This methodology can also be used to elu-
cidate ambiguities that may arise in the interpretation of 
geophysical data (Roy 1962; Golebiowski et al. 2016), thus, 
the combination of different approaches in the investigation, 
based on the different methods available, can help in obtain-
ing more reliable results (Telford et al. 1990).

In this context, the objectives of the study were to evalu-
ate seepage conditions and the origin of piping in a small 
earth dam, and its possible connection with a failure in the 
embankment after the survey was performed. The geophys-
ical methods of Electroresistivity (ER) and Self Potential 
(SP) were applied in this survey, together with available 
data from percussion drilling (SPT) performed on site and 
laboratory tests.

Site description

Location and description of the dam

The dam is located in the municipality of Viçosa, state 
of Minas Gerais, Brazil, inside the campus of the Federal 
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University of Viçosa (Fig. 1). It is a small earth dam, built as 
an uncontrolled compacted embankment, without an inter-
nal drainage system, with water storage function (Fig. 2). 
A concrete spillway was installed on the crest of the dam, 
while another spillway, with a larger cross section, was exca-
vated on the right bank of the reservoir and partly covered 
by grass and partly by concrete, coming into operation only 
in periods of heavy rains. There are no records of when the 
structure was built, nor of geophysical surveys previously 
carried out at the site.

Prior to the geophysical investigation, a process of water 
loss from the reservoir through the foundation layer of the 
dam was detected, while an erosion cavity, resulting from 
a piping process, was identified on the downstream slope 
of the dam massif, close to the concrete spillway (Minette 
2015). Emergency interventions were made to prevent the 
collapse of the structure (Fig. 3).

Description of the local geology

The dam area has a predominantly strong undulating 
mountainous relief, with a convex-concave slope with 
flat-bottomed valleys, formed by terraces and larger beds, 

where small streams flow (Corrêa, 1984). The predomi-
nant rock is gneiss, with varied texture, found in different 
degrees of weathering alteration. Other high-grade meta-
morphic rocks, such as amphibolites and migmatites may 
also occur (Daker 1983; Andrade 2010).

The study area, however, does not have rocky outcrops. 
Quaternary sediments, which are characterized by high 
textural variety, occur along the valleys (Marques 2008). 
Such that it is reflected in the context of the dam itself, 
the hydrogeology of the area is represented by a porous, 
unconfined aquifer, formed by Quaternary alluvial depos-
its and residual gneiss soils (Rocha 2015).

A report from a percussion drilling (SPT) in the dam 
carried out in 2018 showed three main geological layers, 
without determining the depth of the bedrock (Fig. 4), 
due to limitations in the equipment applied during the 
investigations. The backfill layer of the dam has a texture 
varying between sandy silt and red silty clay, with mica, 
approximately 6 m thick. The foundation layer is com-
posed of alluvial material with a texture ranging from fine 
to medium sand, with the presence of organic matter, mica 
and gravel. Below is the residual gneiss soil layer (Univer-
sidade Federal de Viçosa 2018; Dalmaschio et al. 2019).

Fig. 1  Location of the study area (adapted from Avila-Diaz et al. 2020)
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Geophysical survey

A geophysical survey was carried out in order to characterize 
the materials on the subsurface of the embankment, using 
the ER and SP methods. This section of the work describes 
the data acquisition and processing techniques used to obtain 
the results presented later.

Survey setup

Prior to data acquisition, the massif was visually inspected. 
This procedure aimed to verify the structural integrity of 
the dam, as well as the identification of objects and struc-
tures present in the massif that could generate interference 
or anomalies in the results of the geophysical survey.

Several PVC pipes that are part of the water abstraction 
system of the reservoir were identified on the dam crest, and 
the presence of large anthills and large trees on the down-
stream slope can be observed (Fig. 5). No evidence of prob-
lems, such as cracks and erosive cavities, were identified in 

the dam massif. In the place where the erosive cavity gener-
ated by the piping process (downstream slope, Fig. 3) was 
previously identified, no water surge was observed on the 
surface, indicating that the water flow was properly stemmed 
at the time of visual inspection.

Important to notice that field data were collected in 
December 2019, during a period of intense rains, which 
influenced the results obtained. A total rainfall of 206.4 mm 
was recorded during the two weeks prior to data acquisition 
(UFV 2021).

The positioning of line profiles for the execution of the 
geophysical survey was determined after visual inspection. 
Five lines were delimited, covering the crest, upstream and 
downstream slopes of the embankment. The goal was to 
cover largest possible portion of the study area, as well as 
all the interest points that were observed during the perform-
ing of the visual inspection (Fig. 6 and Table 1). Parallel 
profiles were adopted due to the small size of the dam, thus, 
the short distance between the lines did not generate signifi-
cant data loss.

Fig. 2  Detailed view of the con-
tour lines and structures present 
on the dam (adapted from UFV 
2018)
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SPT

To correlate the results of geophysics with more traditional 
tests, existing data from Standard Penetration Tests (SPT) 
conducted in 2019 were utilized. The selected points for 
the tests were boreholes 1 to 5, as depicted in Fig. 7, which 
provides a plan view of the massif.

The Standard Penetration Tests (SPT) were conducted 
concurrently with permeability tests following the guidelines 
outlined in NBR 6484:2001, which prescribe the method for 
performing basic soil exploration boreholes. This allowed 
for the development of cross-sectional and longitudinal pro-
files of the dam in the direction of borehole alignment.

Survey by the ER method

In geoelectrical explorations, a key aspect under scrutiny is 
the electrical resistivity, which mirrors the challenge encoun-
tered by an electrical current in traversing a given medium. 
Consequently, electrodes are strategically positioned to cap-
ture the current's pathway, as the flow of electric current in 
sediments and rocks heavily relies on ion migration through 
water situated within interconnected pores, acting as con-
ductors (ABGE 1998).

In this study, the techniques for gauging electroresistiv-
ity entail a setup featuring four electrodes. Two electrodes 
(A and B) facilitate the transmission and receipt of electric 

Fig. 3  Location and detail of 
the erosive cavity caused by 
piping on the downstream slope 
(adapted from Minette 2015)

Fig. 4  Geological longitudinal 
cross-section of the embank-
ment (adapted from UFV 2018)
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current (I) into the soil, while the remaining pair (M and N) 
measure the potential difference (ΔV) between them.

Investigation by the ER method was carried out from the 
application of the Electrical Resistivity Tomography (ERT) 

along the five lines defined in Sect. 3.1. In this technique, a 
pair of electrodes is used to introduce the artificial electric 
current into the subsurface, at a fixed position, while another 
pair of electrodes, used to measure the potential variation, 

Fig. 5  Large trees and anthills and PVC pipes spotted during the visual inspection stage

Fig. 6  Line profiles adopted for 
the geophysical survey

Table 1  Description of the line profiles

Profile Length (m) Position Start point End point Distance from the 
previous profile 
(m)N E Level (m) N E Level (m)

L01 53.00 Downstream 
slope

7,702,315.88 721,743.09 648.18 7,702,288.87 721,787.52 650.83 -

L02 53.00 Downstream 
slope

7,702,314.01 721,741.95 649.21 7,702,286.64 721,786.48 650.88 2.13

L03 93.00 Downstream 
slope

7,702,333.19 721,706.08 653.02 7,702,284.77 721,784.70 650.74 2.69

L04 90.00 Crest 7,702,324.77 721,704.84 652.51 7,702,283.82 721,785.16 650.86 8.90
L05 89.00 Upstream slope 7,702,319.96 721,703.42 652.66 7,702,279.39 721,782.80 650.84 5.16

UTM zone: 23 S
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is moved along the lines, maintaining a fixed spacing, and 
the apparent resistivity value is calculated (Kearey et al. 
2009; Reynolds 2011). The summary of the electrodes used 
on each profile and the electrode spacing is presented in 
Table 2.

The equipment used for the ERT was the Super Sting R8 
IP resistivimeter, manufactured by Advanced Geosciences 
Inc., connected to a switch box that automatically moved 
the electrode array, and a set of metal electrodes embed-
ded in the ground surface, with the number of electrodes 
varying with the length of each profile. A combination of 
dipole–dipole and gradient arrangements was adopted for 
the execution of ERTs, keeping a spacing of 1 m between 
the electrodes. This arrangement has a good signal-to-noise 
ratio and a good horizontal resolution for resistivity vari-
ation (Gandolfo 2007), being suitable for the detection of 
anomalies along geological layers of the massif.

Data were processed using the RES2DINV software, pro-
duced by Geotomo Software. The software was employed 

to perform the inversion process on the apparent resistivity 
data, applying an iterative finite element model, which was 
modified until the difference between the measured and cal-
culated data was below an acceptable limit.

A 3D model for the distribution of the resistivity values is 
showed in Fig. 8. This model was created using the software 
Voxler, produced by Goldensoftware. It is imperative to note 
that the resultant image attains the pinnacle of resolution and 
quality achievable within the constraints of Voxler's, which 
were limited by the equipment available at the time. This 
contrasts with software like EarthImager, as leveraged by 
Franco (2024), which may offer higher capabilities. How-
ever, regrettably, such alternatives were not accessible to us 

Fig. 7  SPT Borehole locations

Table 2  Summary of the 
electrodes used on each profile

ID Number of 
electrodes

Spacing 
between 
electrodes

L01 54 1 m
L02 54 1 m
L03 96 1 m
L04 92 1 m
L05 91 1 m

Fig. 8  3D view of the resistivity and self-potential data
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during the study. The software Voxler produced a gridding 
model, applying the Inverse distance to a power method. In 
this process, data are weighted during interpolation such that 
the influence of a point datum declines with distance from 
the lattice node, and then resistivity value was determined 
in the space between the profiles.

Survey by the SP method

In the study of seepage, the main mechanism responsible for 
generating flow potentials is called electrokinesis (Gallas 
2005), in which cations are transported, creating a positive 
potential gradient trough the downstream direction.

Investigation by the SP method was carried out along the 
same line profiles as shown in Fig. 6. Data were acquired 
using the fixed-base configuration, in which the potential 
value is measured between a stationary electrode and an 
electrode that is moved along the survey lines. This con-
figuration was chosen for its easy application and for pre-
senting low cumulative errors (Corwin 1990). The stationary 
electrode was positioned on the dam crest, close to the L04 
line, while the mobile electrode was attached to the ground 
surface, keeping a spacing of 3 m between each measure-
ment point. At the beginning and end of the readings in each 
line, the potential was measured at a point close to the fixed 
electrode, to compensate electrode polarization effects that 
may occur during data acquisition.

The equipment used was the SAS 1000 resistivimeter, 
manufactured by ABEM, and a pair of non-polarizable cop-
per sulfate  (CuSO4) electrodes coupled to the surface. Data 
were processed in Microsoft Excel software, which was used 
to correct electrode polarization that occurred during data 
acquisition. Surfer software, produced by Golden software, 
was used to create a 2D model of the distribution of potential 
values along the study area. To this end, the software applies 

a kriging process to the data, which is an interpolator in 
which the influence of the measured punctual data decreases 
with the distance to the calculated node.

It is important to note that the ER and SP surveys were 
carried out on the same profiles in order to provide the 
redundancy of geophysical data using different methods 
which is necessary to obtain more accurate interpretations.

Results and discussion

The evaluation of geotechnical conditions and seepage 
through the dam are presented in this section. The integrated 
interpretation of the geophysical survey results, together 
with the available geotechnical data, is also discussed.

Standard penetration tests

The reports of the SPT tests are presented in Table 3, show-
ing the blow count, the count of the blows in the first and 
last 30 cm of each 45 cm operation, Ground Water Table 
(GWT) depth and soil classification for each of the boreholes 
described in this paper.

Results of the ER survey

The results of the ER survey showed two high resistiv-
ity zones (HRZs) below the downstream slope. The first 
(Fig. 9c) is large in extent, starting approximately 2 m below 
the surface at line L03 (HRZ-1) extending between the dam 
massif and foundation layers (Fig. 10b). According to results 
of the SPT drilling carried out previously at the site, shown 
in Fig. 10b, this region has a low penetration resistance 
(SPT-5). This combination of results indicates that the por-
tion of the soil delimited by HRZ-1 may be damaged, with a 

Table 3  Summary of the SPT test results

GWT (m) 5,70 GWT (m) 6,25 GWT (m) 5,33 GWT (m) 5,63 GWT (m) 2,82
First Last First Last First Last First Last First Last

01 10 13 14 17 06 06 07 08 04 06
02 05 08 10 13 08 11 06 07 06 07
03 13 14 08 12 08 09 06 08 05/34 08
04 06 10 09 10 08 09 06 07 02 04
05 06/35 07 06 07 08 10 06 11 05 07
06 06/34 07/34 03 06 09 12 09 09 04 04
07 07 08 05 06 14 14 08 09 04 04
08 06 07 07 09 06 05 09 11 05/36 07
09 04 05 09 10 04 04 03 05 03 02
10 04 05 11 13 12 16 04 10 02 03/34
11 08 11 07 09 12 16 13 18 04/37 04/35
12 04 04 07 08 12 14 13 15 04/35 03
13 04 04 06 07 09 10 08 09 05 08
14 05/34 04 08 08 09 09 07 07 09 12
15 04 06 07 10 05 07 03/40 03
16 04/39 06/31 05 05 03/39 02
17 04 05 03 05 10 12
18 04/35 05/35 05 05
19 06 08 13 18
20 13 15 05 07
21 - -
22 10 20

Micaceous sandy 
silt

Micaceous silty 
sand with alluvion

Sandy-silty clay

Micaceous silty 
sand with alluvion

Sandy-silty clay

Residual soil

Residual soil

Medium sand
Micaceous silty sand

Sandy-silty clay

Micaceous fine 
sand

Micaceous sandy 
silt

Fine and medium 
dark sand with 

organic material

Micaceous sandy 
silt

Micaceous medium 
sand

Silty-clay

Micaceous sandy 
silt

Micaceous silty 
sand with alluvion

Micaceous sandy 
silt

Micaceous silty 
sand with alluvion

Residual soil

Soil Classifica�on Soil Classifica�on Soil Classifica�on Soil Classifica�on Soil Classifica�on

Borehole SP-04 Borehole SP-05
Blow/30 cm Blow/30 cm Blow/30 cm Blow/30 cmBlow/30 cmDepth (m)

Borehole SP-01 Borehole SP-02 Borehole SP-03
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high void rate (Oh and Sun 2008), probably due to a poorly 
executed compaction process during the construction of the 
structure. Thus, high resistivity values can be explained by 

the high resistivity of the air filling the voids in the soil, in 
relation to solid particles.The second HRZ is shallow and 
of small extent (HRZ-2), located in the same area where 

Fig. 9  Results from the ER survey
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large anthills and trees were identified during visual inspec-
tion (Fig. 9d and 9e). These biological agents cause high 
resistivity values, as the growth of roots and the expansion 
of the anthill can damage the soil, increasing porosity (ANA 
2016). Thus, the soil mass delimited by HRZ-2 is in a loose 
state, with most voids filled with air.The region correspond-
ing to the location of the concrete spillway is also shown in 
Fig. 9. It is important to highlight that resistivity data were 
not measured along the spillway section, due to difficulties 
in reaching the spillway sill to couple the electrodes. Thus, 
the resistivity data shown in the region corresponding to 
the overflow section was generated during data processing 
to fill in the region with missing data in the resistivity pro-
files. Therefore, no geological property of the site should 
be inferred from their interpretation.Three low resistiv-
ity zones (LRZs) were identified in the results of the ER 
method. The first is shallow (LRZ-1), approximately 1 m 
thick, whose location coincides with the earth spillway on 
the right bank of the reservoir (Fig. 9a to 9e). Low resistivity 
values are associated with the intense rains occurring before 
the geophysical survey, since excess water from the reservoir 
flows through this spillway, causing an infiltration along its 
length. Thus, we interpreted that the soil mass delimited by 
the LRZ-1 represents an infiltration zone due to the dam 
configuration.

The second (LRZ-2) is a large area whose upper limit is 
approximately at an elevation of 649 m, extending between 
sections L03, L04 and L05 (Fig. 9a to 9c). The position of 
LRZ-2 is consistent with the water level of the reservoir, 
implying that its upper limit corresponds to the water table 

inside the massif. The third zone is deeper, recorded in 
profiles L01, L02 and L03 (LRZ-3), and is located below 
the concrete spillway (Fig. 9c to e). We interpreted that 
this zone delimits a preferential percolation path, since 
it is located below the water table and has low resistivity 
values in relation to its surroundings.

Results of the SP survey

The results of the SP survey (Fig.  11) indicated two 
superficial flow zones (SFZs) along the surface of the 
dam, which have no correlation with water percolation 
inside the structure. The configuration of potential val-
ues in these regions is consistent with the electrokinetic 
mechanism, with the direction of the flow determined by 
the local topography, and the potential values increasing 
downstream, as indicated in Fig. 11. We interpreted that 
these shallow flow zones were identified due to heavy rains 
in the study area prior to data acquisition (December 17th-
19th, 2021), which were registered by UFV (2021), as pre-
sented in Fig. 12.

Also, a negative potential anomaly (NPA) was identified 
on the downstream slope of the dam, recorded on profiles 
L01, L02 and L03. This anomaly is located around the 
concrete spillway, and considering that the subsurface flow 
through the massif occurs perpendicular to the dam axis, 
it was associated with an intense cation displacement that 
may have been caused by a subsurface infiltration.

Fig. 10  Integrated results of the SPT and ER surveys
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Preferential flow paths and infiltration detection

From the integrated interpretation of the geophysical sur-
vey results and the available geotechnical data, we identified 
preferential flow paths through the massif. The 3D model for 
the distribution of the resistivity values showed in Fig. 8 was 
obtained as described in Sect. 3.2. The two deep LRZs iden-
tified in the ER survey results are highlighted in the model.

Considering that the water flow direction is perpendicular 
to the dam axis, the LRZ-2 delimits the subsurface region in 
which water percolation occurs with more intensity, due to 
low resistivity values in relation to its surroundings. From 
the results of the SPT drilling and considering that the water 
table level is associated with the upper limit of LRZ-2, we 
interpreted that this region is located almost entirely in the 
foundation layer, thus percolation occurs preferentially under 
the structural embankment.

The distribution of potential values obtained from the 
results of the SP survey is also presented in Fig. 8. Both the 
NPA and the LRZ-3 were recorded in the same profiles, and 
these two features have similar positions in the massif, and 
it is possible to infer that this correlation indicates a pro-
cess of water loss through the foundation layer of the dam, 
in the region below the concrete spillway. The occurrence 
of this infiltration is consistent with the abrupt lowering of 

the water level observed in profile L3 by the ER method, 
indicating the existence of a sink in the alluvial sand layer. 
High resistivity values recorded in HRZ-1 are also consistent 
with the lowering of the water table, as these values can be 
associated with voids filled with air in the soil mass delim-
ited by HRZ-1. Therefore, the convergence of the results 
presented here indicates the existence of a critical region, 
with an infiltration process responsible for the emergence 
of the preferential flow path delimited by LRZ-3, confirm-
ing the reports of previous studies on the loss of water from 
the reservoir.

Connection of the geophysical results 
with the occurrence of a landslide 
on the embankment

In July 2022, after the acquisition and interpretation of the 
geophysical data, a landslide occurred on the downstream 
slope of the dam, between the two spillways. This was a 
partial failure, which did not lead to the total collapse of 
the embankment. As shown in Fig. 13, the area affected 
by the landslide is located downstream of the features 
correlated with the occurrence of the zone of preferential 
seepage (LRZ-3 and NPA), as discussed in Sect. 4.3. Thus, 
we interpreted that the loss of stability of the downstream 

Fig. 11  SP survey results

Fig. 12  Pluviometric Diagram 
registered in 2021 at the study 
area
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slope of the dam can be correlated with the sink identified 
in the alluvial sand layer.

This correlation strengthens the coherence of the inter-
pretations of the geophysical data that were presented in 
this study, since both the ER and SP results indicated the 
existence of the preferential flow path. Also, this result 
shows the potential of the application of integrated inter-
pretation of geophysical data on the assessment of the 
efficiency of structural damage correction in geotechni-
cal structures, since the identified flow path can be cor-
related with the piping process recorded before the data 
acquisition.

Deficiencies and remarks on data interpretation

Among the main difficulties faced by the authors in obtain-
ing and interpreting the data here presented, one of them was 
the lack of documentation on the construction of the dam 
being studied, which limited the search for bibliographic 
data that could be helpful for better interpretations.

It is important to note that the geophysical survey per-
formed in this study represents the introduction of this 
methodology in the local context, and that the interpreta-
tions presented in this section were aided by research into 
historical drilling data that provided punctual information 
along the structure, as well as the data collected during the 
visual inspection of its surface.

In addition, the existence of geophysical studies prior 
to the campaign carried out could provide complementary 
information for obtaining more accurate suggestions about 
the geotechnical characteristics of the structure in question.

Conclusions

The analysis of our results allowed to conclude that the geo-
physical survey conducted in the present study proved to be 
effective for the evaluation of geotechnical conditions and 
seepage throughout the massif and its foundation layers, ful-
filling the objectives of this study. It was possible to delimit 
surface and deep flow paths occurring in the study area, 
identifying each phenomenon responsible for its occurrence.

The integrated interpretation of data obtained from the 
geophysical surveys, together with geotechnical data from 
previous studies, proved to be an effective tool for better 
grounded and more precise interpretation of the phenomena 
presented, confirming the formulated hypotheses, as the SPT 
data provide reliable information about the constitution and 
compaction state of the soil mass. In addition, data acquisi-
tion by two different methods on the same line profiles pro-
vided the necessary redundancy of information required to 
mitigate possible conflicting interpretations, as both methods 
are commonly applied to characterize the position and flow 
of underground water.

The innovations of the paper include the introduction of 
an alternative dam monitoring methodology into the local 
context of the area where the study was carried out, incorpo-
rating practices commonly applied to large structures in the 
mining and power generation contexts into the assessment 
of a small earth dam. In addition, the possibility of applying 
the proposed methodology to the retroanalysis of the causes 
of failure in earth structures was shown.

Regarding the safety evaluation of the dam, the results 
show that although the erosive process caused by piping has 
been treated, the phenomena responsible for the occurrence 

Fig. 13  Register of the landslide 
occurred on the downstream 
slope of the embankment. a) 
Upstream view; b) Downstream 
view; c) Top view of the dam 
highlighting the affected area
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of this process have not been mitigated. In addition, the 
results show the importance of constant monitoring of geo-
technical structures as a tool to avoid structural damage 
that could lead to their collapse, as the partial slope failure 
recently occurred between the spillways.
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