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A B S T R A C T

The damage and the eventual breach of river embankments may be due to internal erosion and instability
processes in the waterside and landside slopes. Beside the progressive degradation of soil properties, different
types of macro-pores inside the levee body can influence its short- and long-term performance. Among macro-
pores, burrows are a widespread form of biologic erosion of earthen structures potentially producing damage or
even their collapse. In fact, animal burrows are erosion tunnels, which can lead to piping phenomena. Thus, the
emergent risk connected to burrowing animals in earthen levees has to be tackled, given also the environmental
changes driven by human activity and climate. Remote sensing and geophysical surveys can complement data
from in situ investigation campaigns in the definition of the real-embankment model, as well as in the imaging of
local defects which may influence its local and/or global stability. Several techniques were integrated in the
study area of the Panaro River, where an active animal burrow was detected in spring 2015. Two campaigns
were carried out: Survey-1, in June 2015, just after the relocation of the animals, and Survey-2 in December
2015, after the filling of the burrow with a cement-bentonite slurry. Here, we highlight the peculiarity of each
method and the choice of an integrated multi-technique approach. The results allowed the known burrow, as
well as two other tunnels, to be imaged in 3D, providing specific guidelines for the best integrated strategy to
detect and characterize these macro-pores in a fluvial levee. The proposed approach can advance our knowledge
of embankments in space and time, so that effective remedial actions in flood risk and wildlife management can
be identified.

1. Introduction

Several scenarios or chain of events can lead to the progressive
deterioration, the damage, and the breach of river embankments, which
may be due to internal erosion and instability processes in the waterside
and landside slopes (FEMA, 2005).

Beside the progressive degradation of soil properties, different types
of macro-pores inside the levee body can influence its short- and long-
term performance. Macro-pores are generally represented by cracks and
fissures in the dike body due to natural consolidation and shrinking-
swelling processes, to human and animal activity and to the presence of
vegetation. Macro-pores may influence the performance of river

embankments by increasing rainfall infiltration and inducing pre-
ferential and eventually deeper groundwater flow paths and irregular
saturation degree. When the water level in the nearby channels in-
creases, the heterogeneity due to the presence of macro-pores influ-
ences the final pore pressure distribution. If the pore water pressures
would increase, the effective stresses and the shear strength would be
reduced and macro-instability could eventually occur. Moreover, if the
macro-pores somehow connect the two sides of the levee, the internal
erosion can be accelerated until failure eventually takes place (FEMA,
2005; CIRIA, 2013).

Among macro-pores, burrows are a widespread form of biologic
erosion of earth levees, embankments and dams that lead to an
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increased risk during flooding events potentially producing structure
damage or even its collapse. In fact, animal burrows are erosion tun-
nels, which can lead to piping phenomena; piping is in turn responsible
to approximately half of the world's dam failures (Richards and Reddy,
2010). Moreover, Orlandini et al. (2015) and Taccari (2015) have re-
cently shown how earthen levees disturbed by burrowing animals may
fail causing disastrous floods, and have documented a possible animal-
induced levee failure mechanism (Fig. 1, D'Alpaos et al., 2014;
Orlandini et al., 2015). Besides these recent papers, case studies gen-
erally deal with management and maintenance issues, while relatively
few studies were carried out to quantitatively assess the biological
damage in earthen structures (Bayoumi and Meguid, 2011). Thus, the
emergent risk connected to burrowing animals in earthen levees has to
be tackled given also the environmental changes driven by human ac-
tivity and climate (Orlandini et al., 2015).

In order to detect and characterize earthen structures disturbed by
animal burrows, the pieces of information from direct, but punctual,
investigation and monitoring campaigns must be complemented with
indirect, but distributed, data from geophysical surveys, which can help
in the definition of the real-embankment model with local punctual/
linear/areal anomalies acting as defects which may influence its overall
stability on the short- and long-term.

Several geophysical techniques have been applied on embankments
and levees with different purposes. Most of the examples are related to
imaging the internal structure and estimate the main stratigraphic and
hydrogeological features (Panthulu et al., 2001; Cho and Yeom, 2007;
Niederleithinger et al., 2012; Perri et al., 2014; Busato et al., 2016;
Loperte et al., 2016). Some other papers focus on the detection of voids
within the levee structure. In detail: Butler et al. (1994) applied re-
sistivity and magnetic measures to detect badger burrows; Sheng Huoo
et al. (2002) investigated the capability of GPR to detect voids with
different size by means of laboratory tests; Kinlaw et al. (2007) ana-
lyzed the ability of GPR to find tortoise nests; Xu et al. (2010) used the
same technique to detect subsurface voids inside dikes and dams. Di

Prinzio et al. (2010) proposed the GPR as a standalone tool to detect
burrows; Sentenac et al. (2012), as well as Jones et al. (2014) applied
2D and 3D resistivity measurements (ERT) to locate fissures in em-
bankments, while Chlaib et al. (2014) and Samyn et al. (2014) con-
sidered the affordability of GPR in discriminating voids from water-
filled cavities or metallic objects.

From the previously cited literature we can infer that the geophy-
sical techniques most tested for the problem under examination are ERT
and GPR, while some other methods are seldom reported to detect
voids, not necessarily in river embankments, like gravimetry (e.g.
Butler, 1984) and reflection seismic (e.g. Branham and Steeples, 1988;
Deidda and Ranieri, 2005; Lorenzo et al., 2014). Thermal imagery has
been proposed as a safety tool for detecting dam seepage (e.g.
Deitchman and Loheide II, 2009) but no applications have been
exploited to detect voids within flood control structures.

From the geophysical point of view, the detection of a “void” (i.e.
any air-filled volume) in the subsurface is based on its physical contrast
with the surrounding material. Such a contrast is very high for several
physical parameters like density, electrical conductivity, electrical
permittivity, seismic velocity. Each specific geophysical technique has
its own advantages and disadvantages depending not only on the
physical contrast, but, often equally important, on logistical issues, on
achievable resolution, on target geometry and depth.

Remote sensing and several geophysical techniques were integrated
in the study area of the Panaro River, where an active animal burrow
was detected in spring 2015. In this area, two campaigns were carried
out: Survey-1, in June 2015, just after the relocation of the animals, and
Survey-2 in December 2015, after the complete filling of the burrow
with cement-bentonite slurry. In the following sections we briefly
highlight the peculiarity of each method, giving reason to our choice of
an integrated multi-technique approach. The results allowed to image
in 3D the known burrow as well as two others, providing specific
guidelines for the best integrated strategy to detect and characterize
such kind of structures in a fluvial levee. The proposed approach can
advance our knowledge of embankments in space and time, so that
effective remedial actions in flood risk and wildlife management can be
identified.

2. Study site

We selected a portion on the inner flank of left levee of the Panaro
River, where a European badger burrow was previously detected
(Figs. 2 and 3c).The River Panaro is a water course tributary of the Po
River (northern Italy) having a length of about 150 km and flowing in
the Emilia-Romagna Region. The total catchment area is 1784 km2,
with mean annual precipitation of about 1017 mm. It flows through the
central section of the northern Apennines down to the Po Plain. Up-
stream, the catchment is formed by a hilly zone, with sandstones and
clayey marls, while downstream recent alluvial deposits outcrop. After
the 1950s, in fact, a series of hydraulic works were carried out to re-
claim plain areas and the River is now an almost artificial watercourse
for long sectors of its course (Castaldini and Ghinoi, 2008).

In the study area, the present-day geometry of the embankment
derives from subsequent enlargements of historical levees dating back
to 4th–5th century A.D. The most recent works in this sector were
carried out after the breach of Malpasso di Cà Bianca (11th November
1982, Fig. 2). Stratigraphic and lithological characteristics from the two
boreholes are somehow variable, but the evidence of two or more levee
bodies of different age and compaction was not found. Starting from the
top of the levee (around 23 m above sea level - asl) 3 main units can be
recognized. Unit 1 forms the top of the levee ad comprises layers of
clayey silt and gravels. The levee body is composed by silt with sand
(Unit 2). Underneath, Unit 3 is composed by clayey silt alternating with
sand with silt in sub-horizontal layers and can be considered the natural
soil at the base of the embankment.

Water table or partial saturation was found at −8 m from the top of

Fig. 1. a) Breach and b) failure of Secchia River embankments during the 19th January
2014 flood (after Orlandini et al., 2015 – a; D'Alpaos et al., 2014 – a, b).
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the levee, that is 15 m asl, which corresponds to the calculated eleva-
tion of the water in the river at the time of the surveys (15.2 m asl at
Camposanto gauge station, 12 km upstream, that is a local level of
13.8 m asl considering a 12 cm/km gradient). Thus, at that time, the

groundwater table in the local phreatic aquifer and the river were in
equilibrium.

After the disastrous flood caused by the collapse of the right em-
bankment of the Secchia River occurred in January 2014 (D'Alpaos

Fig. 2. Location of the study area with the position of the
1982 breach and the lithology of outcropping soils.

Fig. 3. Location maps of the study area extracted from the GIS
showing the location of the known badger burrow entrance, the
geophysical surveys, and the positions of the boreholes. a) Map
of Survey-1 (Summer 2015); b) Map of Survey-2 (Winter 2015);
c) Picture of the internal flank of the levee (Summer 2015) with
the location of the known burrow entrance.
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et al., 2014; Orlandini et al., 2015), along the main river courses in this
sector of the alluvial plain including the Panaro River, 1700 critical
points were detected. Interventions were planned in almost 800 animal
burrows, mainly filling of the cavities with loose earthen materials and
placing steel nets. Based on the evidence of the emerging risk associated
with embankment failure as a consequence of animal burrows
(Orlandini et al., 2015), a specific wildlife management plan was
started. From January 2016, a total of 3 European badgers and 18
porcupines were caught and delocalized in the vicinity of the study
area. The number of foxes and coypu caught in a larger sector of the
plain is in the order of one thousand per year (AIPo, personal com-
munication).

3. Materials and methods

On a portion of the western levee of the Panaro River two surveys
(Fig. 3a, b) were carried out in four days on June 2015 (Survey-1) and
in two days on December 2015 (Survey-2). Survey-1 objectives were to
compare and evaluate the effectiveness of different methods to detect
burrows and image their shape below the surface with environmental
and logistical conditions typical of most of the levees in the Po plain.
Survey-2 focused on a portion of the previously investigated area
(Fig. 3b) and was done after a restoration activity (November 2015)
during which the burrow was filled by about 19 m3 of bentonite cement
and a reshaping of the levee was performed.

Based on the geometrical and geological features of the earthen
embankment, and considering the shape, the dimensions and the depth
of the targets, a number of remote sensing and geophysical techniques
have been tested. Before the geophysical measurements we surveyed
the entire area with a Neutech NT4C Unmanned Airborne Vehicle
(UAV), equipped with a Sony NEx7 photocamera, obtaining ortho-
photos with an overall resolution at the ground equal to 0.02 m, al-
lowing to reconstruct a detailed Digital Surface Model (DSM) of the
embankment by means of Aero-Photogrammetric (APT) Techniques
(Cannarozzo et al., 2012). An accurate DSM is in fact essential in order
to evaluate both the actual geometry of the levee and to position the
subsurface targets accurately. We used a differential double-frequency
(L1/L2) topographic GPS in RTK mode (model GNSS Stonex S9III, with
RTK L1/L2 receiver having 220 channels) to collect high precision
measures of 12 target locations (white plastic squares with high con-
trast black patterns, having a 0.5 m long side), which are essential in
the APT technique to calibrate and properly combine and mosaic the
pictures taken by the UAV (Cannarozzo et al., 2012). Moreover, the GPS
was used to positioning natural (the burrow entrance, some stones at
the surface) and man-made elements (datum and reference points, the
borders of the levee), as well as the acquisition points of the geophysical
surveys.

In Survey-1 we integrated Infrared Radiation (IR) pictures,
Electrical Resistivity Tomography (ERT), Frequency Domain Electro-
Magnetic (FDEM), and Ground Penetrating Radar (GPR) measurements
(Fig. 3a), while Survey-2 encompassed only ERT and GPR techniques
(Fig. 3b).

3.1. Remote sensing and geophysical surveys: methods and acquisition
survey design

3.1.1. IR survey
We used a Flir T335 IR thermocamera with a thermal sensitivity of

50 mK, mounted above the ground surface on a dedicated tripod. A
total of 80 combined IR and visible picture pairs have been collected in
the study area both on the external and internal side of the levee. 45
images have been taken from 10.30 a.m. to 16 p.m., while the other 35
in the following night from 10 p.m. to 1 a.m. This way it is possible to
detect thermal anomalies both colder and warmer than the mean
temperature, by exploiting the thermal capacities of materials like air,
dry and wet soil, vegetation, and so on (e.g. Anderson, 2005). During

data collection, approximately every hour, the mean external tem-
perature and the relative humidity have been recorded in order to
better constrain the processing of the IR data. The external temperature
had a range from 25 °C at 10.30 a.m. to 31 °C at 16 p.m., having an
almost constant value of 21 °C during the night; the relative humidity in
the same time intervals spanned from 53% to 34% during the day,
being always close to 56% during the nighttime measurements.

3.1.2. GPR
GPR is a pulsed electromagnetic technique designed to detect

electrical discontinuities beneath the earth's surface (e.g. Daniels, 2004;
Jol, 2009). The basic and most common systems are composed of a
couple of transmitting and receiving antennas, which are respectively
used to emit and record ultra-wide-band electromagnetic radiation and
to detect its reflections from buried targets. Arrival time and amplitude
of such reflections are exploited to image dielectric discontinuities,
which in turn are related to materials having different electrical char-
acteristics. The formal equivalence of elastic and electromagnetic wave
propagation in horizontally layered media established by Ursin (1983)
allows data analysis and processing with algorithms originally devel-
oped for exploration seismology techniques. The maximum penetration
depth depends by several factors like: central frequency of the emitted
EM pulse, lithology, water content, texture, and grain size, being the
best conditions low conductive compact materials investigated by re-
latively low frequencies. A rough estimation of the maximum achiev-
able investigation depth (Zmax) in a low conductive medium can be
obtained by using the relation (Daniels, 2004):

=
′

′
Z

ε
πσ60MAX

r

(1)

In which εr
′ is the real part of the relative electric permittivity (di-

mensionless) and σ′ is the real part of the electric conductivity (Sm−1).
The vertical resolution is proportional to the used frequency band,

while the horizontal resolution is primarily depending by the trace in-
terval (lateral sampling) but also by the frequency being inversely
proportional to the depth of the target, as for any other geophysical
technique. Therefore a trade-off between the maximum investigation
depth and the desired resolution level must always be made.

For both surveys we used a Zond-12 GPR system, equipped with a
300 MHz shielded bi-static antenna pair. The shielding box was
mounted on a dedicated plastic device with three wheels allowing an
easier movement on the flanks of the embankment. A support for the
GPS antenna was further mounted above the center of the antenna to
achieve in real time an accurate positioning of the acquired measure-
ments.

We used an electromechanical odometer to trigger the instrument
every 0.05 m, recording 512 samples per trace, with a sampling interval
of 586 ps; so the recording time window was fixed at 300 ns. The ver-
tical stacking was equal to 16. All the reported acquisition parameters
have been used for both Survey-1 and Survey-2.

A total of 12 profiles have been collected during Survey-1: 9 long-
itudinal (3 on the levee top, 3 on the internal and other 3 on the ex-
ternal side) and 3 transversal (Fig. 3a) reaching a total length of about
790 m. Survey-2 encompassed 18 profiles, all in the inner portion of the
levee: 6 longitudinal and 12 transversal (Fig. 3b) reaching a total length
of about 320 m.

All the data has been processed with the same flow including: DC
removal, drift removal (zero time correction), geometrical spreading
correction, exponential amplitude correction, bandpass filtering, velo-
city analysis on diffraction hyperbolas, depth conversion, topographic
(static) correction, and 2D migration (Kirchhoff). We further evaluated
the effect of tilting corrections (Forte and Pipan, 2009), but considering
the approximation of the applied velocity field and the limited pene-
tration depth of GPR signal we deemed such correction not essential for
this specific case. In fact, considering a mean dip of the embankment
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equal to 30° and a depth of 1.5 m the maximum error in the trace lo-
cation due to the tilting of the antenna would be of about 35 cm.
Specific analysis techniques based on GPR attribute analysis (e.g. Forte
et al., 2012; Zhao et al., 2013) have been further applied in particular to
highlight possible peculiar characteristics of the burrow in terms of
phase and frequency signature. All the available data was combined
into a single pseudo 3D dataset by using Petrel® software, giving to each
trace its actual spatial location and allowing a more straightforward
link and integration in a Geographic Information System (GIS) with
results obtained by the other methods.

3.1.3. ERT
ERT is based on the injection of a measured electric current at a

certain measured voltage to evaluate the distribution of the electrical
resistivity in the subsurface. The ERT technique requires a galvanic
contact with the survey so producing measures related to a previously
fixed geometrical configuration. We used an IRIS Syscal Pro geor-
esistivimeter connected to 72 electrodes. A 3D geometry was selected in
order to cover both the internal and the external sides of the levee and
to obtain high quality data. A full dipole-dipole geometry was adopted
acquiring two originally separated datasets each of them having 4014
apparent resistivity measurements. Such data was then combined to-
gether and inverted as a single dataset. The electrode spacing was set
equal to 1.5 m. In Survey-2 we relocated the electrodes as in Survey-1,
precisely repeating the same acquisition geometry. The data were ac-
quired both in direct and in reciprocal mode, reversing the current and
potential electrodes for each measurement at least three times in order
to make possible an estimation of the measurements errors and, by a
stacking procedure, to minimize random noises.

For the data analysis and inversion we used the ERTLab suite (Multi-
Phase Technology and Geostudi Astier), which is based on tetrahedral
finite elements and manages any 3D dataset, even acquired on a com-
plex topographic surface. After a data quality check and selection,
considering both reciprocal measurements, thresholds on the minimum
current and voltage, as well as on the maximum percentage RMS error
limited at 3%, we inverted the whole dataset by using a smoothness
constrained least-squared algorithm. The obtained “true” resistivity
models can be visualized in 3D or sliced in any direction so allowing a
detailed subsurface analysis.

3.1.4. FDEM
This method is one of the so-called low frequency electromagnetic

techniques, which encompass a wide range of applications and instru-
ments (Reynolds, 1997). We used a frequency domain single frequency,
near field, active instrument, namely the DUALEM-642s. It works with
a single transmitting coil producing a primary magnetic field having a
frequency equal to 9.1 kHz and inducing a secondary current into the
ground. Three pairs of coils perpendicular to each other are located at
three different and constant offsets from the transmitting one. This way
three coils are co-planar (HCP) and the three other are perpendicular
(PRP) to the transmitter. The HCP coils are focused on the changes in
electrical conductivity close to the surface, while PRP coils are more
sensitive to deeper, relatively low conductive structures. The maximum
depth from which it is possible to obtain reliable data in terms of suf-
ficiently high signal-to-noise ratio is in the range of 0.5–1 times the skin
depth (δ), being the latter the distance at which the amplitude of a
signal propagating in an homogeneous and isotropic half-space is re-
duced by a factor equal to 1/e (i.e. about 37%) and it can be estimated
as (Reynolds, 1997):

≅δ
ωμ σ

2

0 (2)

where ω is the angular frequency (2πf), σ the DC electric con-
ductivity and μ0 the magnetic permeability of the free space. The pe-
netration depth is also a function of the offset between the coils

(keeping constant the frequency); in the used instrument the maximum
depth reached with high enough signal-to-noise ratio is about 6 m
below the surface, obviously decreasing when high conductive mate-
rials lie close to the topographic surface.

The used instrument is able to simultaneously measure and store 6
conductivity values (i.e. two couples for each of the three offsets) also
keeping values of pitch and roll of the instrument. DUALEM instru-
ments operate by electromagnetic induction, so no contact with the
ground is needed, but considering the dimensions of the equipment
(total length of 6.4 m) and its weight, we put it into a dedicated plastic
device with ropes to move the entire equipment in a safe a controlled
way also along the dipping sides of the levee. During the data acqui-
sition, with a set time triggering equal to 1 s (and equivalent to the RTK
GPS directly tie to the end of the EM device) we checked the roll trying
to minimize the acquisition of measures having roll values ex-
ceeding± 10°, which in any case have been removed during the fol-
lowing data quality control.

We acquired 9 profiles parallel to each other of which: 3 on the top
and 6 on the internal flank of the levee, almost along the same paths of
the GPR profiles (Fig. 3a).

The FDEM profiles have been processed with EM4soil software
(Emtomo Lda) with the following flow:

- GPS FDEM data link and geometry assessment
- Data quality control (pitch, roll, and topography), affordability
thresholds definition and filtering

- Initial model setting and 2D data inversion
- Evaluation of the models by means of RMS values and DOI index.

The inversion was based on a non-linear smoothness-constrained
(Monteiro Santos, 2004) algorithm, which uses a terrain model made by
a series of 1D models geometrically distributed as a function of the real
measurement positions. The software encompasses two different im-
plemented modeling routines, of which one based on the cumulative
behavior (McNeill, 1980) and the other based on the full solution of the
Maxwell equations (Kaufman and Keller, 1983).

In order to quantitative evaluate each obtained model we con-
sidered both the RMS cumulative error, which gives the reliability of
the model from the mathematical point of view but cannot assure the
“geological”meaningfulness, and the DOI (depth of investigation index,
Oldenburg and Li, 1999). The latter represents a measure of the af-
fordability of the inverted results as a function of the sensitivity of the
reference conditions, by comparing the calculated conductivity (σ) with
different starting conditions (σREF). It is defined as:

=
−

−
I σ z σ z

σ z σ z
( ) ( )
( ) ( )DOI REF REF

2 1

2 1 (3)

IDOI values closer to zero mean that the inversion results are quite af-
fordable because the inversion is almost independent by the starting
conditions.

Beside the 2D inversion we also applied a pseudo-3D inversion al-
gorithm based upon the Occam's regularization method on the dataset
obtained by combining all the FDEM 2D profiles (Monteiro Santos et al.,
2011). From the pseudo-3D inverted volume it is possible to obtain and
analyze slices made in any direction, even if with different resolution
levels, which can be useful to better image the shape of specific struc-
tures or targets like, in our case, a burrow.

3.2. Boreholes, sampling and lab analyses

In order to define the stratigraphy and the soil properties, field and
laboratory tests were performed. Two boreholes were drilled on the
embankment, reaching 10 m depth (SCC 199 + 45 and SCC 199 + 84,
Fig. 3). Three disturbed core samples have also been collected and
standard laboratory tests have been performed to appraise eventual
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spatial differences in mechanical and hydrogeological properties along
the levees (CR1 2–2.6 m; CR2 3.4–4 m; CR3 5–5.5 m): particle size
analysis (hydrometer and sieve analysis); unit weight γ; liquid and
plastic Atterberg limits; permeability.

4. Results from coupled remote sensing and geophysical
techniques

4.1. Remote sensing

The IR pictures have evidenced some features that could be ascribed
to the internal prosecution of the burrow, or linked to internal structure
of the Panaro embankment. Generally, during the daylight, the burrow
is characterized by lower temperature respect the surrounding material,
due to the warming up by the sun. In the night, we can observe a
contrary behavior. The higher thermal gradient is better achievable
during the night. The picture taken of the internal side in the night at
about 11 p.m. (Fig. 4a) shows that the burrow is characterized by
higher temperature (red point, TMAX equal to 18.5 °C) respect those of
the surroundings. Both on nighttime and daytime images different areas
thermally warmer have been depicted: they can be produced by dif-
ferent combined effects namely: the presence of galleries inside the
embankment, paths of animals close to the burrows entrance, surface
digging made by animals. Some of the warmest points inside the dashed
area can be further interpreted as other burrow entrances (see also in
the discussion section) or as air-filled tunnels very close to the topo-
graphic surface. Similar situations have been evidenced also in other
parts of the surveyed area.

4.2. GPR

The high electromagnetic impedance contrast due to the presence of
“voids” or more precisely of air-filled cavities should produce evident
amplitude reflections or diffractions depending by the size of the cavity,
which produces a diffraction when its size is approximately equal to the
dominant wavelength of the transmitted electromagnetic signal (e.g.
Jol, 2009). In Fig. 5a 3D view of some of the GPR processed profiles is
provided. The mean achieved penetration depth is of about 1.5–2 m.
Considering a mean velocity of 0.10 m/ns, calculated for Survey-1 by
means of diffraction hyperbola analyses, and approximating the sub-
surface as a low-loss material (σ < 1× 10−2 Sm−1) we applied the
well-known simplified relation:

=v c
εEM

r (4)

obtaining a value for εr equal to 9.5. By inserting such a value in Eq. (1)
and considering ZMAX=2m we obtain a mean electrical conductivity of
about 8 × 10−3 Sm−1 i.e. a mean resistivity of about 125 Ωm for the

first 2 m below the topographic surface, which is a value comparable
with the ones obtained with both ERT and FDEM methods (see also the
following sections).

In Fig. 5 we can see that there are not apparent lateral changes and
no relevant dipping reflectors are imaged, while three high amplitude
anomalies (B1, B2, B3) can be detected. B1 is very close to the burrow
entrance, while B2 and B3 have no evidence at the surface. In any case
anomaly B2 lies within the higher temperature zone observed in the IR
data (Fig. 4), corresponding to a local temperature maximum.

Many authors reported that when there is an air-filled volume
within a rock or soil there is a polarity inversion on the reflection (or
diffraction) related to its top (e.g. Chlaib et al., 2014, just to refer to a
paper focusing on embankments). In our case such inversion is not
apparent, even possible. Such behavior can be explained considering
that tunnels dug by animals are by nature irregular and subsequently
they produce different interfering signals preventing a clear phase as-
sessment. Moreover, all the detected anomalies lie very close to the
direct GPR arrivals (air and ground waves) making further complicated
to evaluate their actual first phase polarity. Oh the other hand, it is
interesting to notice that similar signals are not detected for instance in
the external flank of the levee and this is in agreement with the fact that
digging animals usually prefer to excavate the softer part of the em-
bankment, which is the closest to the riverside (Chlaib et al., 2014).

4.3. FDEM and ERT

The previously described results are confirmed by the FDEM data
analysis. Fig. 6 provides an example of FDEM profiles: one crossing the
known burrow entrance, and the other parallel to the previous one and
located 2.5 m apart. In the zone of the burrow entrance there is a high
resistivity anomaly with values exceeding 250 Ωm showing a lateral
extension of about 15 m. Just above to this zone the resistivity has a
range between 5 and 20 Ωm, values which are never recorded close to
the surface in any other portion of the surveyed area. We interpreted
such values as due to a discontinuous metallic net put just below the
surface in order to limit the digging by animals after a previous inter-
vention dating back to 2015 (AIPo, personal communication). Such
obstacle did not prevent the digging of new burrows: the known en-
trance here described was detected few weeks before the first survey.
The vertical resistivity trend in the other portions of the levee is quite
homogeneous with values always decreasing from the surface; we
conventionally interpreted values below 25 Ωm as saturated materials,
marking the 25 Ωm isoresistivity line as the water table (WT).

4.4. Data integration

We further integrated all the data in order to obtain a cross-vali-
dation and to get additional and more constrained information about

Fig. 4. IR pictures taken during Survey-1: a) nighttime image, b) daytime image. The dashed yellow line marks on both pictures zones warmer than the surrounding. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the subsurface. The open source software QGIS was used to implement
a Geographic Information System (GIS) containing not only the loca-
tions of all the acquired data but also the DSM data obtained by the
remote sensing photogrammetry, the targets as interpreted and de-
tected from the different geophysical techniques, and the borehole
stratigraphies. In detail, while IR anomalies have been manually posi-
tioned within the GIS, GPR interpretation has been directly exported

from the interpretation software Petrel®. Both ERT and FDEM anoma-
lies have been mapped on the inverted data trying to follow the highest
resistivity gradient (even if this procedure is somehow subjective) and
then inserted within the GIS.

By comparing the FDEM results with the already reported GPR ones,
we find an almost perfect matching. In fact, B1 and B2 anomalies are
both inside the highest resistivity zone (also characterized by higher

Fig. 5. 3D view of some of the GPR profiles acquired in
Survey-1. B1 is an anomaly close to the entrance of the
burrow, while B2 and B3 are two other possible tunnels
excavated by animals. See text for further details.

Fig. 6. FDEM results. a) Location map of the two FDEM profiles shown in b) and c); b) inverted resistivity profile L6 across the main entrance of the burrow; c) inverted resistivity profile
L7 parallel to L6 and located 2.5 m apart. B1, B2, B3 are burrows or possible burrows as labeled in Fig. 5. WT is the interpreted water table (see also Fig. 7).
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temperature by the IR survey). Moreover, anomaly B3 toward North-
East also corresponds to a high resistivity zone. The two parallel profiles
shown in Fig. 6b and c are quite different: while the resistivity anomaly
interpreted as due to B1 and B2 is clear only on the uppermost profile
(L6), B3 seems to continue toward the base of the levee and it is ap-
parent also on profile L7. The resolution and reliability of the data is
rapidly diminished going to increasing depths and below about 5 or 6 m
the inverted results are not meaningful.

It is interesting to notice that localized resistivity values above
about 200 Ωm obtained after the inversion of FDEM data seem to be
always related to underground tunnels due to animal burrows, in-
dependently by their depth from the surface, while laterally extended
high resistive zones almost parallel to the topography are mainly due to
dry sediments containing sand or levels of gravel (Fig. 7). In fact, the
cores drilled at the top of the embankment in order to characterize its
sedimentological, geotechnical and hydrogeological structure evi-
denced materials always having a decreasing resistivity trend, mainly
due to increasing water saturation in the vadose zone and with the
presence of an underlying water table (Fig. 7).

Results obtained by FDEM and ERT are similar, both showing the

same resistivity trend, even with different absolute resistivity values
(Fig. 7a, b). The smaller range of the ERT measurements, especially
with lower maximum values is probably due to a minor resolution of
the electrical tomography made with dipoles spaced at least by 1.5 m.
On the other hand, the saturated zone and the water table are properly
identify only on ERT data, with an high negative resistivity gradient,
while the depth of the water table, as measured by the boreholes be-
tween 8 and 9 m from the surface is too deep for the FDEM measures set
with the frequency and the offsets as in the present case. Lateral re-
sistivity variations can be highlighted by both FDEM and ERT data, but
their precise correlation with specific lithologies is not apparent due to
the high lateral variability of the building materials of the embankment
(Fig. 7c, d).

4.5. Survey-1 and Survey-2 data comparison

Further interesting information can be obtained by comparing the
GPR and ERT data acquired in Survey-1 and in Survey-2, being the
latter acquired soon after the injection of bentonite cement into the
main burrow. In Fig. 8 an example of GPR data comparison is provided.

Fig. 7. Comparison between FDEM (a); ERT (b); core logs (c, d) along the same profile. In e) the location map of the shown data is provided. During the digging of borehole SCC 199 + 45
two voids were detected from 5.70 m to −5.90 m and −6.10 m to −6.30 m.
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In Fig. 8 one longitudinal (b) and one transversal profile (c) ac-
quired in Survey-1, crossing the principal burrow entrance and crossing
each other are shown. On both profiles the main burrow (B1), as well as
the other two already described underground possible tunnels (B2 and
B3) are imaged by high amplitude reflections/diffractions, with several
reverberated phases due to the high electromagnetic contrast between
soil and air (see also Fig. 5). The lateral phase behavior is in general
chaotic with laterally uncorrelated events having different phases. This
is particularly true for B1, which is probably the wider and the most
complex burrow made by several interconnected tunnels (see also
Fig. 6). The resolution of the 300 MHz GPR antenna is therefore not
sufficient to image the details of such burrow, which is on the other
hand very apparent on both longitudinal and transversal profiles. By
comparing the same profile before (Fig. 8c) and after (Fig. 8d) the
bentonite filling we can notice relevant changes in the signature of the
GPR signal. The main variations are located in an about 4 m wide zone
centered around the burrow entrance. The filling produced smoothed
reflections (without or with only minor diffractions) showing high
lateral phase continuity and high reflectivity. This behavior can be
explained considering that the cement slurry was injected under pres-
sure and was able to fill almost all the pre-existing cavities, so creating a
rather uniform zone on a quite wide area. This way the lateral changes
due to the air-filled tunnels are obliterated and the reflections become
more continuous. This is even clearer by analyzing phase-related

attributes like the instantaneous phase or the cosine of instantaneous
phase.

Relevant differences can be highlighted also by considering the ERT
data of Survey-1 and Survey-2 (Fig. 9).

The analysis of both row and inverted data of the two surveys
showed that the average “background” resistivity was quite similar,
even if in Survey-2 the calculated mean resistivity was equal to 21 Ωm,
while in Survey-1 was 30 Ωm. This behavior is probably due to a higher
moisture content during Survey-2 (i.e. in Winter); in fact such a dif-
ference is more detectable in the shallower layers where the effect of
rainfall is bigger.

Survey-1 evidenced resistivity values higher than about 40 Ωm in a
15 to 20 m wide zone, similar to the one observed in FDEM data
(Fig. 6), which can be associated to interconnected air-filled cavities.
After the cement filling (Survey-2, Fig. 9b) such zone almost disappears.
In fact, while close to the surface some low resistivity areas are nearly
unchanged, below there are values similar to the background instead of
the previous high resistivity, except toward the NE border of the profile.
On the other hand, where the high resistivity anomalies were not de-
tected during Survey-1 the values in the correspondent profiles ac-
quired during Survey-2 are basically unchanged. This is even more
apparent when considering the resistivity difference between Survey-1
and Survey-2 (Fig. 9c). After the burrow filling, we can expect smaller
resistivity values due to the cement inside the previously air-filled

Fig. 8. Comparison of GPR data before (Survey-1) and after (Survey-2) the filling of the burrow with bentonite cement. a) Location map of shown profiles; b) and c) profiles of Survey-1
closest to the main burrow entrance; d) same profile as c) but acquired during Survey-2. All the data shown are migrated. For a better data comparison, please consider that the mean
electromagnetic velocity used for the depth conversion slightly increased from Survey-1 to Survey-2 from about 10 cm/ns up to 10.6 cm/ns.
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cavities. This is confirmed by the data, which shows a resistivity low-
ering up to about 50 Ωm in a well-defined 15 m wide zone centered
below the main burrow entrance, while in the other investigated area
the resistivity shows a moderate decrease, due to the different moisture
content during the two surveys, as already pointed out. Only few other
small zones exhibit a relevant resistivity lowering (for instance the one
at the NW border on Fig. 9c), but they seem to be more related to in-
accuracies of the inversion models rather than to actual subsurface
structures. At the opposite, unchanged high resistivity portions (B2 in
Fig. 9) seem to be realistic, meaning that the bentonite cement was not
able to fill all the tunnels branches possibly because some of the air-
filled network was not actually interconnected or it is at higher eleva-
tion.

5. Discussion

The integration of geophysical data allows to highlight the presence
of an about 15 m wide burrow developing from the active known en-
trance, as well as to detect other tunnels in the body of the levee. As in
the area of Finale E. a total of 21 European badgers and porcupines
were caught and delocalized in the last one year and a half, it is as-
sumed that the known and the detected burrows were created by these
animals.

The geometry of burrows depends on the animals: European badgers
and crested porcupines build similar systems, which are often shared
with red foxes. European badgers build complex burrow systems called
setts, which are generally located at low altitude and in steep slopes,
with vegetation cover and above the groundwater table (Byrne et al.,
2012). The setts are dug in dry loam, sandy and clayey soils, relatively
easy terrains to be excavated (Kruuk, 1978; Reddi et al., 2008). The
setts are composed by several tunnels and chambers and their size and
complexity are controlled by the function, the soil type and the age. The
central part is constituted by a main sett with several entrances (from 1
up to 50), while secondary setts can be located from 50 m up to 150 m
away. As an example, Roper (2010) reports of 3 setts, one of which had
38 entrances, 78 chambers, 360 m long tunnel network and a total
volume of 25 m3 (Table 1). The badger burrows are tunnels with semi-
circular or elliptical shape, about 0.20 m high and 0.30 m wide (Nichol
et al., 2003). The tunnels start with an inclination of 40–45° then can
run horizontally. The chambers can be located at different depths at the
end of the burrows, 5–10 m away from the entrance, or can be a simple
widening of the tunnels. Some tunnels can be directed upslope to fa-
cilitate ventilation, while other tunnels might be directed downslope for
drainage purposes.

The levee of the Panaro River, in fact, appears as an ideal en-
vironment for the presence of badgers, porcupines and foxes. The em-
bankment is around 8 m high, and is covered by grass. Shrubs and small
trees grow at the base of the waterside slope. Few houses are located in
the vicinity of the embankment, while the main road is> 100 m far
away. The soil is composed of silt with sand, and is dry during most of
the year at least down to about 6–8 m depth (Figs. 2 and 3).

By integrating all the available data we produced a 3D model of the
main burrow, which was further materialized by using a 3D printing
device (Fig. 10). It is quite obvious that there are unavoidable in-
accuracies in the shape and in the dimension of such result, but both
dimensions and shape of the sett are well in accordance with the ex-
pected ones. Moreover, it is interesting to notice that the volume ob-
tained is of about 30.4 m3, with the same order of magnitude of the
quantity of bentonite cement (19 m3) injected into the burrow. The

Fig. 9. ERT profiles extracted from the resistivity volume across the main burrow. a) profile xz of Survey-1 just below the visible burrow entrance, where the highest resistivity values
(> 40 Ωm) are mostly inside the blue dashed line depicting the possible underground extension of the buried cavity; b) profile xz of Survey-2 along the same location as in a): a resistivity
lowering is apparent especially in the first 3 m below the surface; c) difference between a) and b); d) location map of the shown profiles. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Average dimensions and shapes of badger setts (after: Roper, 1992a, b; Nichol et al.,
2003; Roper, 2010).

Tunnel Shape Circular and/or elliptical
Width 0.3 m
Length 5–10 m
Height 0.2 m
Inclination 45° downwards
Depth 0.5 to 2.5 m above groundwater level

Chamber Shape Elliptical
Width 0.6 m
Length 0.4 m
Height 0.4 m
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latter value is smaller than the volume estimated by the integrated
geophysical data probably because some branches of the burrow were
not completely filled, as also suggested by the previously discussed ERT
data comparison (B2 in Fig. 9). Moreover, the resulting shape is com-
parable with real setts as documented by several studies (Roper, 1992a,
b; Nichol et al., 2003; Roper, 2010), both in terms of tunnels and
chambers dimensions and geometry. The depth reached by the sett is
equal to about 4 m, which is above the groundwater table depth and the
river level.

Considering that: the levee has an almost constant cross section with
an area of about 125 m2; the length of the main burrow as imaged by
the integrated geophysical techniques is approximately equal to 15 m;
its estimated volume is, as already pointed out of 30.4 m3, we deduce
that the main burrow occupies about 1.6% of the total volume of the
investigated stretch of the levee. Such estimations may be very im-
portant in the deterministic and statistical assessment of embankment
stability where voids are observed or expected. Of course, relatively
small but interconnected macro-pores can on the one hand diminish the
average strength of the materials and, on the other hand, represent a
preferential way for water infiltration also depending on their position
with respect to the water level in the river.

Based on the results, some considerations can be drawn on each

single technique and the integrated approach.
The IR data collected both during the day and nighttime are not

only able to detect the known burrow entrance but, even more im-
portant, to suggest the presence of underground air-filled tunnels.
However, from our experience it is not so straightforward to correlate a
thermal anomaly to an underground structure, since it can be partially
produced by reworked materials at the surface or to different/lower
vegetation cover. In any case the comparison between IR and other
geophysical data (especially ERT and FDEM) seems to suggest that the
geometry of the thermal anomalies gives some indications about the
presence of tunnels and can be a practical and relatively rapid tool for
monitoring activities and to plan interventions and maintenance of the
embankment.

The use of pseudo 3D GPR volumes and 3D inversion of ERT and
FDEM data can be essential when the aim is not only to detect a buried
burrow but also to infer its extension, shape and volume. Although with
different resolution levels, electrical, and both low and high frequency
electromagnetic techniques are able to detect and image the burrow
below the surface. From the logistical point of view all the tested
methods have some constrains. The IR can provide good results only
when bushes and trees are absent or at least they are without leaves and
the grass is short enough. The GPR is quite versatile, but needs some
adapting and special cares especially to record longitudinal profiles
along the flanks of the levee. A simple plastic support mounted on a kart
with wheels and connected with robust ropes seems to work quite well
providing good performances in terms of time productivity (about
1.5 km/h) and average data quality. A similar result can be achieved
with FDEM devices. In fact, a plastic casing linked with the GPS antenna
can make the data acquisition easier even along the dipping flanks,
providing at the same time high data positioning accuracy. ERT survey
suffers less logistical limitation since it can be tailored even when there
are obstacles on the surface (like, for instance, trees). The resistance
between the electrodes and the terrain, carefully checked and even-
tually minimized before each acquisition, did not produce severe cou-
pling limitations even during the summer survey. The main constrain of
the ERT, especially in 3D mode, is the time required to set the elec-
trodes and to acquire the data, reaching in the present case a total time
of about 4–5 h. So it is impossible to propose extensive ERT measure-
ments to detect unknown burrows in an embankment, while GPR and
FDEM measurements perform better, both requiring about one hour to
collect data along 1–2 km.

All the measures can be done in any season. Better GPR perfor-
mances can be obtained during the driest period when the penetration
depth can reach the maximum, while it would be preferable to collect
ERT data when the soil is wet. In fact, the resistance between electrodes
and soil is minimized and the contrast between air and sediments is
higher. We does not repeated the TDEM survey but we guess that it
could perform equally well in different periods, being probably from
this point of view the most flexible method.

The test made after the filling of the burrow allows us to distinguish
relevant differences between air- and cement-filled cavities by using
both GPR and ERT. From the examples provided (Figs. 8 and 9) we can
conclude that the resistivity changes are probably more apparent than
the GPR signal variations, even if a careful analysis of the phase be-
havior of the electromagnetic signal allows affordable and quite clear
results to be obtained.

6. Conclusions

The results of the integrated multi-technique approach allowed the
known badger burrow as well as two other tunnels to be imaged, pro-
viding specific guidelines for the best integrated strategy to detect and
characterize such kind of structures in a fluvial levee. The position, the
distribution, the volume and the complexity of the network were de-
scribed well in accordance with the expected dimension and shape of
the sett.

Fig. 10. a) Geophysical data integration; b) rendering of the main burrow obtained in-
tegrating all the geophysical data with the evidences of video inspections;c) model of the
burrow (reproduction scale 1:50) made with a 3D printer by using the data as in b).
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In Table 2 we summarize strengths and limitations of each tested
methodology on the base of the lesson learned by the present research.
Besides some general and peculiar characteristics of each technique, it
is important to remark that each of them is strongly site- and target-
dependent and therefore it is practically impossible to predict the
performances before doing some preliminary tests in the field. In any
case, we found that while GPR is very effective and accurate to detect
and image the top of subsurface burrows chambers and tunnels, ERT
and FDEM are both useful to estimate the burrow volume, especially
when integrated 2D and 3D acquisitions are performed, as in the pre-
sent case. IR is a high potential technique which should be further
tested and exploited in the near future, even for large scale surveys,
while the APT is a fast remote sensing technique, allowing the re-
construction of the topography with centimetric accuracy, which is
mandatory to evaluate both the actual geometry of the levee and to
position the subsurface targets with high precision.

The construction of the resulting 2D/3D geological models by in-
tegrating different techniques is essential to assess and eventually
monitor the integrity of representative sections of river embankments
with different defects.

The proposed approach can advance our knowledge of embank-
ments in space and time, so that effective remedial actions in flood risk
and wildlife management can be identified. In this sense, the 3D phy-
sical model can be useful for end users, decision makers, as well as for
untrained people to get a better focus on the problem, which is always
the preliminary step to any risk management procedure toward the
evaluation of the best operational strategies. Further researches could
be addressed to collect IR data from a dedicated airborne-mounted
device and to assess the stability of disturbed flood control structures
under different boundary conditions.
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Method Accuracy
Resolution

Suitability for large scale
surveys

Strengths Limitations Applicability

APT Very high Yes High acquisition rate; centimetric precision Constrains in the use of UAV High
IR High Yes High acquisition rate; high spatial resolution Presence of dense vegetation; dependency on

the acquisition time
High

GPR High Yes Accurate imaging Limited maximum achievable penetration depth Medium
ERT Low/medium No Acquisition scheme adaptable as a function of

logistics/expected targets
Low acquisition rate; resolution strongly
decreases with depth

High

FDEM Low/medium Yes High acquisition rate Resolution strongly decreases with depth/
limited vertical resolution

High
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