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Animal burrows in a river's earthen levee leads towater piping phenomena causing structural damage and even-
tual collapse during floods. Currently, the state of the art comprises case studies that deal with management and
maintenance, while very few documents attempt at assessing possible animal-induced failure mechanisms. For
the latter, detection and characterisation of the animal burrows is crucial and Electrical Resistivity Tomography
(ERT) and Ground Penetrating Radar are the most employed geophysical techniques. Between 2017 and 2018
a team of physicists, engineering geologists, and geophysicists has for the first time probed the possibility of
exploiting the Muon Transmission Radiography (MTR) to verify the internal conservation status of levees that
were visibly damaged by animal activities. The technique is a non-invasive method, currently under develop-
ment, based on the detection of muons, a highly penetrating component of atmospheric cosmic rays. MTR is ca-
pable of providing angular maps of the average density of thematerial present in front of the detector. A test site
measurement campaign was carried out with a prototype instrument placed at the side of the levee. This new
survey methodology was compared to a more traditional ERT measurement, performed with a pole-dipole and
dipole-dipole configuration. Moreover, the actual burrows' distribution was mapped during the demolition
works using Terrestrial Laser Scanner measurements to validate and constrain results. The comparison between
ERT and MTRmaps shows that, in spite of some limitations, the latter is a suitable and promising technique that
could successfully complement a program of geological risk assessment.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

River levees, thanks to their position between water channels and
floodplains, have an important role in flood control, especially artificial
ones that are designed to protect crops, buildings, and structures as
well as human settlements (Brierley et al., 1997; Fishera et al., 2017;
Pazzi et al., 2017;Morelli et al., 2020). Unfortunately, there aremany in-
stances where a river's earthen levee system has not been structurally
preserved andmay suffer functional damages. This may be due to alter-
ations in the internal structures (material degradation or internal ero-
sion leading to loss of properties) and/or instability processes both on
the inner and outer slopes (Perri et al., 2014; Fishera et al., 2017; Pazzi
et al., 2017; Bièvre et al., 2018; Morelli et al., 2020). The deferred or
. This is an open access article under
not adequately proportioned maintenance over time, sometimes leads
to a progressive porosity variation through all the levee body, that
grows to such an extent as to cause visible cracks andfissures on the ex-
ternal surfaces (Borgatti et al., 2017; Fishera et al., 2017). This deteriora-
tion can lead to an increase of water infiltration (both from high water
levels in the river and persistent rainfalls) and thus an irregular satura-
tion that can give birth to piping phenomena causing partial or com-
plete levee collapse during floods (Fishera et al., 2017). Earthen levee
failures and collapses (a worst possible scenario) are linked also to
other specific geological problems, in addition to those previously de-
scribed. Themain ones are synthetically listed below (but not discussed
in detail in the paper been out of the goals of the work itself): inade-
quate thickness of the peat layer underlying the levee, over-topping,
slope failure, seepage through the soils under the levee or seepage
through the levees with pathways such as fractures/holes caused by
natural processes, vegetation, human, and animal activities, and seismic
shaking and collapse.
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A levee characterisation andmonitoring system, that effectively rec-
ognises eventual problems before a disaster occurrence, has to inspect
both shallow and deep areas of the structure and has to take into ac-
count both direct and indirect investigations, i.e., point and areal, re-
spectively (Borgatti et al., 2017). In fact, at shallow depths, the
detection will focus on leaks and voids, as well as normal degradation,
disturbed material, and loose sandy material, while deep probing,
throughout the levee thickness itself, will be sensitive to the levee ma-
terial conditions (e.g., saturated areas, voids, loose materials) (Fishera
et al., 2017). In literature Electrical Resistivity Tomography (ERT) and
Ground Penetrating Radar (GPR) are the most employed geophysical
techniques for a) imaging the levee internal structure, b) providing
depthwise information about lateral variations, and c) delimiting high
permeability pathways (Cho and Yeom, 2007; Niederleithinger et al.,
2012; Cardarelli et al., 2014; Ikard et al., 2015; Busato et al., 2016;
Bièvre et al., 2018; Allroggen et al., 2019). Levees general condition
and strength as well as small changes to the interior of the tailing dam
wall can be determined using seismic methods and seismic noise, re-
spectively (Planès et al., 2016; Fishera et al., 2017; Olivier et al., 2017).
Finally, ongoing seepage can be identified by means of self-potential
surveys (Panthulu et al., 2001; Wilt and Corwin, 2005; Moore et al.,
2011; Ikard et al., 2012; Rittgers et al., 2015).

Among the problems at shallow depth, animal burrows (erosion
tunnels that enlarge the structure macro-porosity) severely compro-
mise the integrity of the levees during a flood, in particular because of
their often extensive and interconnected networks (Orlandini et al.,
2015). Currently, the state of the art comprises case studies that deal
with management and maintenance issues, while there are very few
documented attempts at quantitatively assessing the damage caused
by biological intrusions in an earthen structure, i.e., quantify possible
animal-induced failure mechanisms (Bayoumi and Meguid, 2011;
Orlandini et al., 2015). Both ERT and GPR are usually employed to detect
voids in earthen levees that are generally placed at no more than a few
metres depth (Chlaib et al., 2014; Busato et al., 2016; Borgatti et al.,
2017; Bièvre et al., 2018). The spatial distribution of the underground
electrical resistivities and the subsoil electric and magnetic properties
changes can provide useful information to characterize subsoil anoma-
lies of both natural and artificial (animal or human) origin (Santarato
et al., 2011; Chlaib et al., 2014; Pazzi et al., 2016; Bièvre et al., 2018;
Lai et al., 2018; Pazzi et al., 2018a; Pazzi et al., 2018b). Animal burrows
usually behave as air filled caves and appear, therefore, as high resistiv-
ity zones with a different dielectric constant in contrast with the sur-
rounding even relatively dry levee materials.

GPR techniques are based on the transmission, by means of an
antenna, of electromagnetic (EM) waves into the soil and on the de-
tection, by means of another antenna, usually located within the
transmitter housing itself, of the echoes generated by the material
property changes that affect the EM wave velocity, the attenuation,
the polarization changes and redirection (Chlaib et al., 2014; Lai
et al., 2018). Typically, GPR signals are pulses with a broad range of
frequencies (10–5000 MHz range) that have different penetration
depths. GPR is a non invasive high resolution technique characterized
by a rapid data acquisition capability (Allroggen et al., 2019). Unfor-
tunately, it is not really suitable for a 4D (over the time) monitoring.

ERT measurements, on the other hand, can be repeated to provide
information on the evolution of resistivity with time (Bièvre et al.,
2018). ERT in fact, is one of themost employed non invasive geophysical
technique that allows to obtain the true ground resistivity distribution
from measurements of currents (set by the operator) and voltages (in-
duced in the soil by the generated current). These measurements, are
usually performed with four electrodes in a quadripole configuration
(Dahlin and Zhou, 2004; Santarato et al., 2011; Cardarelli et al., 2014;
Busato et al., 2016; Pazzi et al., 2016; Morelli et al., 2020). The choice
of the employed array configuration is a key point (Dahlin and Zhou,
2004), since each array has a different penetration depth and sensitivity
(vertical/lateral resolution).
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Between 2017 and 2018 a collaboration among physicists, geolo-
gists, and geophysicists of the University of Florence and of the National
Institute of Nuclear Physics (INFN)Unit of Florence, has for thefirst time
probed the possibility of exploiting the Muon Transmission Radiogra-
phy (MTR) technique for verifying the internal conservation status of le-
vees visibly damaged by animal activities (test sites are described in
section 2.1). This new survey methodology and its application to the
earthen levees are illustrated in section 2.2 and 2.3, while in Section 3
are presented the results of the field surveys. Finally, in Section 4 a dis-
cussion about the comparison and validation of theMTR data bymeans
of 2D- and 3D-ERT measurements and the actual burrows' distribution
mapped during the demolition works using Terrestrial Laser Scanner
(TLS) measurements is provided.

2. Methodology and instrumentation

2.1. Test study sites

Two different areas in the Tuscany region of Italywere identified and
selected as test sites, thanks to the support of the local authorities, of the
companies responsible for the water supply system, and the existence
of construction databases (e.g., Morelli et al., 2012): the South riverbank
of the Arno River within the perimeter of the municipal aqueduct in
Mantignano (Florence, Fig. 1 on left) and the North riverbank of the
Bure stream in Pontenuovo (Pistoia, Fig. 1 on right). Both these sites
were affected by the presence, on the levee flanks, of animal burrows
entrance holes, as visible in Fig. 1, that strongly compromised the
levee stability, and were therefore scheduled for restoration works
that were subsequently performed after our measurement campaigns.
These burrows entrance holes had diameters ranging from 0.5 m to
1.0 m. At the Mantignano test site the top of the levee was 3.0 m
wide, with the South flank and the North flank having a slope of 33°
and 30°, respectively and a height of 3.8 m. At the Bure test site the
top of the levee was 11.0 m wide, with the North-East flank and the
South-West flank having a slope of 40° and 30°, respectively and a
height of 2.2 m and 4.2 m, respectively. Both levees were constructed
with a uniformmaterial (a mixture of sand, clay, and very fine gravels),
with the absence of a low permeability core.

2.2. Muon radiography and muon tomography

Muon transmission radiography (MTR) and multiple scattering
muon tomography (MSMT) are two slightly different muography tech-
niques, that constitute a non-invasive survey methodology exploiting
the space born corpuscular radiation continuously hitting the Earth's
crust. These rays are mainly composed of muons, elementary particles
similar to electrons but with a mass 200 times larger. Muons are pro-
duced in the top layers of the atmosphere by the interactionwith the at-
mospheric gas of the isotropic flux of high energy particles, like protons,
atomic nuclei, and less abundant species, which are commonly referred
to as cosmic rays (PDG cap. 30, 2020). While most of the secondary par-
ticles produced by cosmic rays in the atmosphere are slowed down and
absorbed by the atmosphere, muons are an extremely penetrating com-
ponent that not only is present at sea level, but is capable of penetrating
deep into the Earth's crust for up to hundreds of meters, depending on
their energy. While traveling through materials muon trajectories are
continuously modified by very tiny amounts, because of random elec-
tromagnetic interactions with the positively charged nuclei, thus deter-
mining a possible non-negligible overall deflection of these particles
from their original trajectories (PDG cap. 34, 2020). The intensity of
this effect, known as Multiple Coulomb Scattering (PDG cap. 34,
2020), is higher for low energy particles and increases with the atomic
number Z of the traversed medium. The measurement of the deflection
of muon trajectories upstream and downstream the volume of interest,
is exploited in the MSMT technique to derive the 3D material distribu-
tion inside the volume under investigation (Bonechi et al., 2020b). If



Fig. 1. Test sites. Left: theMantignano test site (red rectangle in the panel in the upper corner), the levee profile along the AA’ section, and an upstreamperspective photo of the levee. T1 is
at the entrances of an animal burrow (shown in detail at the centre). Right: the Pontenuovo test site (red rectangle in the panel in the upper corner), the levee profile along the AA’ section,
and anupstreamperspective photo of the levee. T2 is at the entrances of animals' burrows (shown indetail at the centre). At the centre, the location of the two test sites in Italy (upper) and
a photos related to the T1 and T2 animal burrows entrances (bottom). The yellow cables employed to connect the ERT electrodes at both test sites are visible in the pictures (lower left and
right corners). (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 traversed thickness is sufficiently large, the lowest energy muons
can be definitively stopped, finally decaying into electrons, quickly
absorbed inside the material, and neutrinos, which instead move away
undisturbed. The consequent reduction of the muon flux intensity
is the effect which is used in the MTR technique to provide informa-
tion on the density distribution inside the material volume under
investigation.

For large target volumes, like volcanoes, mining sites, dams, or
river levees, MTR is the only practically usable muographic tech-
nique and it is implemented by counting the number of muons that
traverse the structure in front of the detector. Muon track angular
distributions are measured only downstream of the volume of inter-
est and later compared with similar measurements performed
looking at a free portion of the sky, with the detector pointing in
the same direction, in such a way as to allow an estimation of the di-
rectional muon transmission, defined as the fraction of muons that
survives for each direction after traversing the target. More details
concerning the muographic methodology can be found in literature
(Bonechi et al., 2020b).

If θ andϕ are the zenith and azimuth angles representing a particular
direction, the muon flux measured by a detector from a solid angle dΩ
around that direction will be given by the following equation:

Φ θ,ϕð Þ ¼ ΔN θ,ϕð Þ
dΩ ⋅ ∈ ⋅ S θ,ϕð Þ ⋅ ΔT ð1Þ

whereΔN(θ,ϕ) is the number ofmuons collected in the solid angle dΩ,∈
is the detector global efficiency, S(θ,ϕ) is the effective surface of the
detector for the direction (θ,ϕ) and ΔT the live time of the acquisition.

Therefore, it is possible to define the transmission (or transparency)
t(θ,ϕ) as the target (T) over the free sky (FS) ratio of the measured
muon flux obtaining:
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t θ,ϕð Þ ¼ ΦT θ,ϕð Þ
ΦFS θ,ϕð Þ ¼

ΔNT

ΔNFS

ΔTFS

ΔTT

∈FS

∈T

SFS
ST

ð2Þ

where the direction dependencies have been omitted in the last expres-
sion for clarity and the subscripts refer to the configuration under con-
sideration. The ratio of the efficiencies, in normal operating conditions,
will be approximately equal to one while the ratio of the effective sur-
faceswill be exactly equal to one if the pointing direction of the detector
remains unchanged between the two configurations (free sky and
target).

The MTR technique can be exploited comparing the measured 2D
angular muon transmission distribution, defined in (2), with a simu-
lated distribution including all the available information on the ex-
pected muon flux, the geometry of the target volume and the
constituent materials. A 2D distribution of the measured/simulated
transmission ratio gives directional information on potential deviations
of the measured muon flux from the expected one, thus suggesting an-
gular regions where the available information does not describe satis-
factorily the real structure of the target volume.

Section 2.3 gives a more detailed description of the methodology
used for this work. The field surveys results are reported in Section 3.

2.3. Application of muon transmission radiography in the identification of
cavities within river levees

Themeasurements described in this paper have been achieved using
MTR, i.e., determining the fraction of muons that are able to completely
pass through the material volume under examination. Because of the
angular dependence of the atmospheric muon flux, which is maximum
in the vertical direction and decreases approximately as the square of
the cosine of the zenith angle, the detector has to be installed as far
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below as possible to the volume under observation. In the particular ap-
plication described in this paper the detector could not be installed
much lower than the target. The instrumentation was placed at the
foot of the levee and consequently, the detection of muons at elevations
lower than 10° − 20° (i.e., traveling almost horizontally, in an angular
region where the flux intensity is very low and the average muon en-
ergy high) was required.

As stated before, because of the high penetration capability of the
muon projectiles the muographic technique is quite capable of probing
rock layerswith a thickness of tens ofmetres. In the case of earthen river
levees, the typical structures spans thicknesses ranging from a few me-
tres to ten-twenty metres, with a height of a few metres, with highly
compacted soil volumes, whose density is usually not very large
(below 2 g cm−3). The material thickness seen from the detector
point of view is typically of the order of few meters and the muon ab-
sorption effect is consequently small. These characteristics, make the
study of riverbanks a demanding case in the application of muographic
techniques since most of the quasi-horizontal muons will anyway sur-
vive passage through the levee thus washing out the signal that comes
from the absorption. Nonetheless, enough data (and statistics) have
been acquired to obtain some interesting results that will be discussed
in the next sections.

For the muographic studies presented in this work, the MIMA
(Muon Imaging for Mining and Archaeology) charged particle tracker
has been employed. MIMA is a rugged and compact prototype detector,
expressly designed to allow its installation in inhospitable environ-
ments like mining, archaeological structures, and inside dams, but it
was never used to study volcanoes given its relatively small size
(Baccani et al., 2018; Bonechi et al., 2020a). The muon detection relies
on the scintillation effect produced by the passage of charged particles
through specific materials, called scintillators. In particular MIMA is
composed of three pairs of detection planes made with 40 cm long
bars of high quality plastic scintillator. Each pair of planes allows the
measuring of the two (x,y) coordinates of the muon impact points
along its trajectory. The measurement of three impact points for
each muon allows the unambiguous reconstruction of the muon tra-
jectories, avoiding possible random coincidences due to muon
showers or electrical noise. The tiny light signals produced inside the
scintillator bars are converted to electric signals and amplified using
silicon photomultipliers (SiPM), optical sensors positioned at the two
ends of each bar and glued to the scintillator with optical adhesive.

Six custom front-end electronic boards derived from the MURAVES
experiment (D'Errico et al., 2020), based on the EASIROC chip, are
used for the amplification and digitization of signals coming from the
21 output lines from each detector plane. An independent digital acqui-
sition board, controlled by a miniaturized Raspberry PI computer,
houses an FPGA implementing the selection criteria of events to be reg-
istered and takes care of collecting the output data streams from all the
front-end boards, which are finally saved to a 64GB SD card installed on
board the Raspberry PI computer. The detector modules are assembled
inside a thin aluminum box and fixed on an altazimuthal mechanical
mounting which allows changing the detector's pointing direction
with an accuracy of approximately one degree.

The spatial resolution of the MIMA tracking planes has been mea-
sured using muon tracks acquired at free sky and obtaining a value of
1.6 mm for the single final plane installed in MIMA. The resulting angu-
lar resolution, considering the geometrical design of the detector, is ap-
proximately 6.7mrad. The linear uncertainty for detecting a target 10m
far away from the detector (typical distance in the application pre-
sented in this paper) is approximately 6–7 cm, which is quite smaller
than the expected size of the holes to be detected. Better angular reso-
lution could help getting more defined images, but a sort of limit to
image definition is due to the deflection of muon trajectories caused
by multiple collisions with molecules happeningwhile crossing the riv-
erbank structure. The currently adopted configuration represents a
compromise to have a precise tracker at an affordable cost. Further
4

details on the detector and its performance can be found on (Bonechi
et al., 2020a).

2.4. Muographic apparatus placement and measurements

A first test using MTR was planned just after the first assembling of
the MIMA detector starting in the middle of 2017. This activity, that
allowed among the other things testing the detector's transportation
and installation procedures, was carried out in a protected area with
the advantage of having a safe installation point and the availability of
the power mains (see Fig. 1 on left).

MIMAwas first installed at theMantignano site, in front of the levee,
4 m far from its external foot. A 50 cm deep hole in the groundwas dug
so as to install the detector as low as possible with respect to the region
to be studied. The detector's pointing direction was fixed at approxi-
mately 3° azimuth (magnetic north) and 14.7° elevation corresponding
roughly to the direction of the top of the levee as seen from the
detector's installation point. The data acquisition in the target mode
configuration lasted 8 days only, because longer data taking in front of
the levee bodywasnot possible due to the scheduleddemolition and re-
construction of the levee structure. Therefore, given the small detector's
acceptance, only a small data set was collected. During the excavation
work carried out to restore the levee it was not possible to verify the ac-
tual extension of the cavities seen by MTR inside the soil. The free sky
measurement was carried out from the second floor of an aqueduct
building placed near the levee. A planar distance even of some tens of
kilometres and few tens of meters in altitude would not have apprecia-
ble effects on the muon flux. In case of sensibly different latitudes, cor-
responding to distances of hundreds of kilometres on the ground, or a
difference of some hundreds of meters in altitude could affect the mea-
sure and should be taken into account for reliable comparisons. The ac-
quisition durationwas of about 7 days in this free sky configuration, and
the detector efficiency remained stable during the two measurements.

Following the experience at the Arno River levee in Mantignano a
newmeasurementwas proposed at the Bure Creek levee in Pontenuovo
near Pistoia, where a long stretch of the levee had been badly damaged
by animals. The purpose of this new campaignwas to obtain amore de-
tailed comparison of the muographic and the geoelectric techniques
and to verify the results with direct measurements of the animal bur-
rows during the scheduled levee demolition. In Fig. 2 a picture referring
to the instruments installation (the TLS on front, the MIMA detector in
the middle, and on the back the yellow cables employed for the ERT ac-
quisition) in the Pontenuovo area is shown.

The survey at the Pontenuovo test site was carried out between June
and August 2018. The installed apparatus was almost the same as in the
previous case, but the location identified for the installationwas inside a
private field where the power mains was not available. A powering sys-
tem composed of four photo-voltaic panels, a charge controller and a
battery, capable of maintaining the whole system alive 24/7 was
installed, with the electronics placed in the same protection box con-
taining the MIMA detector. Also in this case, the detector was pointed
towards the top of the bank body perpendicularly to the levee axis itself
corresponding to an elevation of approximately 16° and an azimuth of
−149.7°. The acquisition time for the target configuration was of
about 23 days while the free-sky data were collected for 21 days, after
moving the detector to the top of the levee. The efficiency of the detec-
tor remained unchanged between the two acquisitions.

The maps of the reconstructed tracks distribution in the target con-
figuration NT(θ,ϕ) for the two sites are illustrated in Fig. 3. The plots
show the angular distributions of the detected muons with a two-
dimensional representation, where the direction of motion of the
muons is identified by the azimuth (x-axis) and elevation (y-axis) an-
gles of their tracks. The same choice has been made also for the other
angular maps reported in this paper. On both axes a 2° bin size has
been chosen. The characteristic shape of the resulting images appearing
in these plots is determined by the detector acceptance, which was



Fig. 2. Installation ofMIMA (within thewooden box) in front of the levee body at the Bure creek. In this photo are also visible the TLS, on the front, and the ERT yellow cables, on the back.
(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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slightly different for the two setups. At the time of theMantignanomea-
surement only tracks hitting all of the six planes of the detectorwere se-
lected to avoid, as previously stated, reconstructing fake tracks using
random hits appearing on two pairs of planes. Because the analysis of
triggered events showed that the number of such kind of events is neg-
ligible, for the Bure site the acceptance was increased by selecting all
tracks crossing at least four of the six tracking planes. A cross check
was anyway performed to verify that no spurious events contaminated
the data sample. The maximum density of the detected muon tracks is
observed at an intermediate interval of the elevation between the verti-
cal direction, where the muon flux is maximum, and the detector's
pointing direction, at which the detector's acceptance is maximum.
The muon absorption effect due to the presence of the levee body is
not visible at this stage, due to the relatively small thickness of the
levee body.

For both surveys the region under investigation is in a range of
elevations between approximately 6° and 15°. At the Pontenuovo
test site, given the duration of the data taking, the number of
muon events in each bin is of the order of a few hundred, which
translates in a statistical uncertainty of the order of a few percent
Fig. 3.Muon angular distributions for the target configuration atMantignano (left) and at Ponte
(the visual effect is similar to that shown at the bottom of Fig. 7).
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for each bin. For the Mantignano measurement, with an acquisition
time reduced to a third, the number of detected muons per bin is
less than one hundred, with a corresponding decrease of the statis-
tical precision.

2.5. ERTs layout and measurements

In order to achieve themeasurement campaign goals (i.e., identification
of the subsoil distribution of the animal burrows and comparison with
the results of theMTR survey), 2D- and 3D-ERTswere planned and carried
out at the two test sites (Fig. 4). In fact the 3D-ERT acquisition, collects soil
resistivity data both behind the electrodes and in the surrounding volume
(Pazzi et al., 2018a). The electrodes' arrangementswere chosen so that the
ERT section lengthwould correspond (1m larger) to themaximum angu-
lar view of the MIMA detector. In particular, at the Mantignano test site a
3D-grid layout survey (24E x 3 L: 24 electrodes (E) along 3 lines (L),
green dots in the left panel of Fig. 4) and a 2D profile (red dashed line in
the left panel of Fig. 4) coinciding with the inner line of the 3D survey
were carried out. At the Bure site, instead, two 3D surveys with different
electrodes arrangement were performed: a 3D-loop/rectangular layout
nuovo (right). The black line shows the levee profile as seen from the detector point of view



Fig. 4. The ERTs survey layouts on a topographical map freely available from the Tuscany Region administration (https://www.regione.toscana.it/-/geoscopio). Left: the survey performed
at the Mantignano test site (green dots represent the 3D survey, while the red line represents the 2D one). Right: the survey performed at the Pontenuovo test site (green and red dots
represent the two different 3D surveys). In both panels the red square (not in scale) is MIMA. (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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survey (26 × 11 electrodes, red dots in the right panel of f Fig. 4) over the
levee's top and a 3D-grid layout survey (24E x 3 L, green dots in the right
panel of Fig. 4) over the levee's top and the North-Eastern flank around a
large tree (visible over T2 in Fig. 1). All the 3D-ERTs were acquired by
means of 72 electrodes through a 24-electrode external link connected to
the Iris SyscalPro 48 electrodes (10-channels receiver). Stainless-steel
stakes were used as electrodes and the fixed distance between two adja-
cent electrodes was set equal to 1 m.

All the layouts were acquired with the dipole-dipole (DD) and the
pole-dipole (PD) arrays since they are more sensitive to lateral electrical
resistivity variations, have enhanced lateral resolutions at shallowdepths,
are subject tominimal electromagnetic inductive noise, and combine con-
sistent signal strengthwith a high resolution and large depth of investiga-
tion (Loke and Barker, 1996; Dahlin and Zhou, 2004; Szalai and Szarka,
2008; Santarato et al., 2011; Pazzi et al., 2018a; Pazzi et al., 2018b; Pazzi
et al., 2020). At theMantignano site the 2D-ERT PD acquisitionswere col-
lected using two different remote poles placed on the levee top (one 100
m far from the profile along the East direction, and the other at the same
distance along the West direction). The measurements were then all
inverted simultaneously to reduce the effects of remote poles finite loca-
tion. The remote pole of the 3D-ERT, instead, given the longer acquisition
time,was placed as far away as possible along the South direction starting
from the middle of the 3D-grid. At the Bure test site one remote pole for
both 3D layouts was placed as far as possible along the North direction.
The acquisition sequences were planned to take advantage of the multi-
channel instrument system (Santarato et al., 2011) and in total at the
Mantignano and Bure sites 12,093 (2D: 2456, 3D: 9637) and 16,940
(3D-grid: 6861, 3D-loop: 10079) apparent resistivity values were ac-
quired, respectively. All the measurements were carried out in the July–
August dry season.

All the electrodeswere geo-referred bymeans of a differential GPS in
Real Time Kinematic mode, and a detailed Terrestrial Laser Scanning
(TLS) of the surrounding area was performed to optimise the inversion
procedure (Pazzi et al., 2020). The TLS measurements were carried out
using a Riegl VZ-1000. The apparent resistivity data inversion was per-
formed using the commercial software ErtLab© (developed by Geostudi
Astier S.r.l.) that employs a finite element method and divides the sub-
soil model into triangular cells (Santarato et al., 2011; Viero et al., 2015;
Pazzi et al., 2018a; Pazzi et al., 2020). For each site, the apparent resistiv-
ity value of the starting homogeneous half-space was chosen equal to
the mean apparent resistivity value of the whole dataset. Even if levees
crests are considered as flat structures, 3D topographic effects have to
be taken into account anyway (Bièvre et al., 2018). The selected soft-
ware is able to manage these topographic effects (Santarato et al.,
2011; Pazzi et al., 2020).
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3. Results

3.1. ERT results at the Mantignano and Pontenuovo sites

The ERTs surveyswere carried out during twoworking-days, one for
each site. Given the dry condition of the soil during the field surveys,
some of the acquired apparent resistivity data resulted having a high
standard deviation value (acceptable values were set equal to 2%) and
were therefore removed before the inversion process. The total amount
of removed data, for both the test sites, was equal to roughly 20% of the
whole acquired data. The employed inversion software implements a
finest data noisemanagement, usingOccam's regularization, and allows
to set different percentage values of the standard deviation noise (noise
in the following), according to the quality of the dataset (see Pazzi et al.,
2020 and references within for a detailed discussion). By default these
values were set equal to 5. The quality of an inversion is calculatedmin-
imizing themisfit function between thefield andmodelled data and can
be summarized with the number of iterations need to reach the process
convergence (Santarato et al., 2011; Pazzi et al., 2018a). If the number of
iterations is too low (3 or less) it is recommended to reduce the noise.
On the contrary, if the process does not reach the convergence after a
maximum number of iterations set by the operator (usually between
10 and 20) the noise has to be increased. All the ERTs inversions were
carried out with noise values equal to 2. The convergence at the
Mantignano and Pontenuovo sites was reached, for all the layouts,
after 7 and 8 iterations, respectively.

The results of the 2D- and 3D-ERTs obtained from inversion at both
test sites of all the acquired data, are shown in Fig. 5. The levees are char-
acterized by uniform resistive values (up to 200Ωm, blue colour) typical
of a dry mixture of sandy clay and very fine gravel soils. At the
Mantignano site (left in Fig. 5) the high resistive anomalies (in the
range of 300–600 Ωm associated with green to yellow colours) within
the levee body and highlightedwith a black dashed line can be associated
to holes filled with air. At the Pontenuovo site (right in Fig. 5) empty cav-
ities are marked as orange volumes (resistivity values higher than 900
Ωm). Moreover, here the resistive anomaly highlighted by the black
arrow is caused by a combination of various animal burrows and the inva-
sive tree roots (both visible in Fig. 1) that have similar resistivity ranges.

3.2. MTR results at the Mantignano and Pontenuovo sites

Inmuon radiographies the quantity that is usually reported is the di-
rectional muon transmission, i.e., the fraction of muons that survive
after traversing a volume ofmaterial along a particular direction. An an-
gular distribution of this quantity as seen from the detector's center can

https://www.regione.toscana.it/-/geoscopio


Fig. 5. ERTs results. Left: 2D and 3D ERTs at theMantignano site. The black dashed line highlight anomalies caused by the animal burrows. Right: 3D ERT results at Pontenuovo site. Orange
volumes are the animal burrows, while the black arrow indicates a resistive anomaly caused by the combined effects of animal burrows and tree roots.
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be obtained by calculating the ratio of the measured target and free sky
angular distribution of muons evaluated as described by eq. 2 at the end
of Section 2.2. In the left plot of Fig. 6 the measured angular map of
muon transmission at the Mantignano site is shown. Blue regions are
those for which the transmission is larger (above 95%), while the trans-
mission decreases approximately to 90 % − 92% in the brown regions.
The profile of the levee body appearing in this plot, though not sharp,
is in optimal accordance with the black line obtained from the embank-
ment topography. A smoothing algorithm has been applied to reduce
statistical fluctuations. The right plot in Fig. 6 is an enlargement of the
central portion of the region of the studied levee just in front of the de-
tector, where two holes dug by animals were visible on the opposite
side (internal slope), 5m far from each other. On the same plot some in-
dications of the linear size of the observed anomalies are reported, ob-
tained by projecting the angular information at a distance of 12 m
(corresponding to the distance of the leveemedian plane). The total ex-
tension of the anomalous region in this hypothesis is of the order of 5m
as expected from the previous visual inspection.

The simulated muon transmission and the measured-to-simulated
transmission ratio (also known as relative transmission) are reported
in the supplementarymaterial (see Fig. S1). From the relative transmis-
sion map the high transmission signals below the levee profile are still
visible while the sky-embankment transition, visible in the measured
transmissionmap, is now removed. As previously stated, the demolition
and subsequent reconstruction of the levee body was done right after
the MTR measurement but an identification of the real burrows distri-
bution was not performed because of logistic problems.

The angular distribution of the muon transmission at the
Pontenuovo site is shown in Fig. 7 top left. The measured transmission
Fig. 6. Left:measured angular distribution ofmuon transmission through the levee body of the A
point of viewand the absorption effect due to the levee structure is clearly visible below this line
far from each other, were visible. On the same map a linear grid is obtained projecting the ang
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map shows several interesting characteristics. First of all a separation
between the free sky and the levee can easily be identified, which is in
agreement with the topographical profile of the levee, shown as a con-
tinuous line at an elevation of roughly 15° in front of the detector. For
azimuth values around −130° a clear shadow is found. This is due to a
big tree located near the top of the levee body, as shown in the bottom
picture of Fig. 7. Focusing the attention to the region below the expected
profile of the levee, some zones with high measured transmission can
be found, which can be interpreted as empty cavities and tunnels devel-
oping inside the structure.

The simulated transmission is reported on the top right of Fig. 7with
the same angular range and colour scale used for the measured trans-
mission map. The simulation was obtained considering a uniform un-
damaged levee made of soil with density of d = 1.8g/cm3. The
embankment topography was detected through TLS surveys but the
trees and the burrows were excluded from the simulation since the lat-
ter were the object of the studies. The anomalies in themeasured trans-
parency caused by the tree and the tunnels inside the bank are
highlighted by looking at the relative transparency map reported in
Fig. 8. In particular the tree appears as a region of low relative transpar-
encywhile the high signal regions below the embankment profile could
be associated with low density volumes (such as tunnels dug inside the
body structure).

4. Discussion and future perspectives

In this study, the results of the first application of theMTR technique
to study animal burrows within earth levees are presented. To under-
stand the potential of this technique, ERTs and TLS measurements,
rno river inMantignano. The black line denotes the levee profile as seen from the detector
. Right: zoom inof the angular region in front of thedetector,where twoden entrances, 5m
ular dimensions at a distance of 12 m (which is the distance of the levee median plane).



Fig. 7. Top: angular distribution of muonmeasured transmission (left) and uniform levee simulated transmission (right) from the detector's installation point at the Bure creek's levee in
Pontenuovo (Pistoia). The black line denotes the embankment profile as seen from the detector point of view. Bottom: picture of the levee and of the tree as seen from the detector. It is
possible to observe the correspondence between the measured transmission and the photo of the measurement setup.

Fig. 8. Angular distribution of muon relative transmission (measured-to-simulated
transmission ratio). The embankment profile is shown only as a reference: if anomalies
were to be absent, no variations would be expected below the line.
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two more traditional and commonly used methods in this field, have
been carried out. It is important to underline that the MTR applied to
study the inner levee works borderline the application limits of the
technique itself. The muon detector, in fact, works at an angle of only
a few degrees above the horizon, where the muon flux is very weak
(see Section 2.3). Moreover, in this type of application the average opac-
ity of the target structure (product of thickness and average material
density) is a little too low for the MTR technique and the animal bur-
rows quite small to be easily identified; the only feature determining
an increase inmuon transmission is the size of the void along the detec-
tor line of sight. Nevertheless, also the transverse extension of the void
is important. In case of a very narrow hole developing along the
detector's line of sight (i.e., a burrow parallel to the trajectories of
muons entering the detector), even if very long, it might be impossible
8

to be detected because muon deflection in the surrounding material
could result in a relevant smearing of the signal. The preliminary mea-
surements carried out at the Mantignano site were fundamental to im-
prove the hardware setup and all the procedures and to test the
detector remote control, by continuously monitoring the detector itself
with a network connection realized with a 3G modem. The measure-
ment carried out at the second site (Pontenuovo) was instead instru-
mental in the understanding of the MTR technique potential and
reliability.

As scheduled by the Bure levee restoration works, one month after
our geophysical field survey, a trench (mainly 1.2 mwide except in cor-
respondence of the tree, 30m long, and 2.0 m deep; yellow dashed line
in Fig. 9) was dug in correspondence of the centre line of the levee. This
trenchwas completed in three different steps and allowed us to identify
27 cavities. Probably, the number of animal burrows could be higher
still, especially in the central part of the analyzed volume, since during
the second step of the excavation works a different technique was
employed that allowed a more rapid advancement, but destroyed
some cavities. The entrance of each cavity was mapped thanks to a
TLS survey, that was performed also to acquire the levee topography,
allowing to precisely locate the animal burrows within the levee body.
The overall direction and depth of each cavity, on the contrary, was
measured bymeans of a rigid pole. Therefore, it was not possible to pre-
cisely reconstruct the 3D geometry (e.g., as in Borgatti et al., 2017). In
fact, the 3D development of each cavitywas schematised using cylindri-
cal volumes superimposed on the TLS map (Fig. 9).

Among all the detected cavities only those located in the same vol-
umes surveyed by both ERT and MTR, were used for the comparison.
The 3D distribution of the resistivity anomalies higher than 900 Ωm
(light blue volumes in Fig. 9) and of the entrance of the detected animal
burrows (coloured cylindrical volumes in Fig. 9) overlap quite exten-
sively. In Fig. 9) two areas are shown as an example. The first one
(marked with A) is in correspondence of the tree. Here, the high resis-
tivity volume is generated by the combination of animal burrows and
the tree roots (see also Fig. 5) that have similar resistivity ranges. The



Fig. 9. Comparison between the ERTs results (in light blue) at the Pontenuovo site and the reconstruction as cylindrical volumes of the animal burrows. Top: in the left corner a 3D view
from east of the levee, while in the right corner the view from South. In this panel the dashed red linemarks the boundary of the 3D-ERT survey, while the dashed yellow one that of the
trench. Centre: at left the 3D view from North-East of the ERT anomalies and of the animal burrows under the tree and marked with A, while at right a photo of the animal burrows
entrance under the tree (the three coloured circles represent the bases of the cylinders). Bottom:left, the 3D view from North of the ERT anomalies and of the animal burrows in the
middle of the levee marked with B, while at right a photo of the animal burrows entrance (the three coloured circles represent the bases of the cylinders). (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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second area (marked with B) is in correspondence of three holes de-
tected during the trench excavation in the middle of the levee.

As already explained MTR, acquired using just one view angle, gives
only a 2D information of thewhole volume since it projects along the ra-
dial direction to the detector surface. Although in some cases it is possi-
ble to carry out a 3D reconstruction of the MTR signals, even with a
single measurement (Bonechi et al., 2015), it is not possible to do so in
this case due to the limited statistic of the acquired data. Therefore, a
possible way to compare the muon radiography results with that of
the other two techniques (ERT and TLS) is to build 3D projection
cones. These cones starts from the contours of the signals shown in
Fig. 8, with the cone apex placed at the center of the MIMA tracker.
Using this method an excellent correspondence for the tree signal and
the real position of the base of the tree itselfwas found, because it stands
out against a background of air (see themovie uploaded as supplemen-
tary information). Since muon transmission is sensitive to the material
density, it is important to underline that if roots and soil have similar
densities, they appear similar to muon transmission radiography.
Therefore, the average density in the corresponding angular regions
might not be significantly different from the surrounding angular
9

regions characterized by compact soil. Differently, voids appear as angu-
lar regions characterized by a lower average density.

Another possibility to compare results of different acquisition tech-
niques is to refer the ERT and TLS surveys to the point of view of the de-
tector, bringing their 3D information into the 2Dmuographymaps. This
method has the advantage of producing bi-dimensional images that are
easier to study and interpret. In order to proceed, for both techniques,
those volumes which are assumed to be composed of air have to be
identified. In case of the TLS surveys the reconstructed cylinders corre-
sponding to the identified burrows were selected, while for the ERT
measurements those volumes with an inner resistivity higher than
that of air were identified. Air resistivity can vary greatly from case to
case and for this analysis at the Bure site a value of ρair = 900Ωm was
chosen. Given this minimum value, the corresponding isosurfaces are
built using the CGAL library (The CGAL Project, 2020) and the result is
reported in Fig. 9 as light blue volumes.

The thickness of the high resistivity volumes as seen from the muon
detector position is shown on top of Fig. 10. For a given direction multi-
ple volumes can overlap contributing to an increase of the overall thick-
ness of the air volume. Since the air volume is greater for the ERT



Fig. 10. Top: air depthmaps from theMIMA point of view for the high resistivity volumes. Bottom:muon relative transmission mapwith the contour lines of the high resistivity volumes
for various depths. Analogous plots are reported in the supporting material for the cylinders detected with the TLS.
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volumes than for the TLS cylinders, the formerwill bemore easily visible
from the MTR. For completeness the air depth map associated with the
TLS cylinders is reported in the supplementary material (see Fig. S2).

In order to superimpose the thickness of the high resistivity volumes
on the relative transmission map obtained from theMTRmeasurements,
the contour lines of the air depth map were drawn as shown on the bot-
tom of Fig. 10. Comparing the MTR map with the air depth contour from
the ERT surveys, it is possible to see that there is an optimum match in
three regions (azimuth in the range [−200°,−190°], [−145°,−135°]
and [−120°,−100°]) where the high signal in the relative transparency
map corresponds to a large thickness of high resistivity volume. For azi-
muth values in the range [−185°,−160°], although the agreement is
not perfect, the regions with high relative transparency are still within
the first contour line (outlined by the thin black line).

The results of the first application of the MTR technique here pre-
sented show its reliability in accurately characterizing the inner structure
of an earthen levee. Nevertheless, some limitations have also been shown.
First of all the muon detector dimensions are strictly related to the size of
the object to be visualised: the smaller the detector, the smaller the levee
portion that can be investigated. Secondly, since it is not possible to place
the muon detector at a high angle over the horizon, the data acquisition
time can be quite long (order of many weeks), in order to obtain a satis-
factory statistics. Finally, to reconstruct the actual volumetric distribution
of the burrows it would be better to acquire measurements of the same
portion of the levee from different angles. These drawbacks can be solved
by enlarging the muon detector dimensions, by trying to place the detec-
tor within a hole to increase the angle over the horizon, and by setting up
more than one detector at the same time.

Moreover, this first application of MTR to characterize the inner part
of the levees also shows some pros of the technique itself over the
existing ones. For example, the MTR can be performed without remov-
ing the vegetation gowned up on the levee's top (as it appended in this
study at the Bure site). Another advantage is thatMTR is influenced only
by the materials' density variations and not by other environmental
conditions (e.g., the subsoil saturation). Thus, by means of the MTR is
it possible to distinguish between voids and roots that, at the contrary,
appear in the ERTs profiles as anomalies with the same resistivity
10
ranges. Therefore, combining MTR and ERTs, voids can be identified as
high resistivity anomalies with a high muon transparency, while roots
as resistivity anomalies with a muon transparency equal or similar to
that of the undisturbed levee. Moreover, since the subsoils saturation
does not change significantly the soil density, compared to the voids
one, it is possible to compare the results of MTR acquired with different
saturation conditions and perform a time-lapse (4D – time dependent)
analysis. Some additional studies are required to understand the bene-
fits in the 3D anomalies reconstructions since also ERT and/or GPR tech-
niques can provide this kind of information, as well as to evaluate the
reliability of MTR as an earlier warning technique. Moreover, at this
state of the research theMTR technique cannot be considered a resource
capable of having a direct impact on themanagement offlood emergen-
cies along all statistically predictable areas because of its analytical char-
acteristics and physical constraints. However, in the near future, it could
play a decisive role in the management of the hydro-geomorphological
regime of a river in some key points. For example, MTR could be suc-
cessfully applied to characterize the structural integrity of dams since
the instruments can be placed both within the dam itself, in the inspec-
tion gallery/ies (an application has been carried out by our team, but re-
sults are not jet published), and facing the downstream slope. In both
cases the measurements can be carried out avoiding the draw-down
of the backwater. An early diagnosis of any criticality (and therefore
timely intervention), in fact, is here considered essential to avoid conse-
quences on the ordinary river dynamics and especially the flood control.

5. Conclusions

This study shows the potentialities and the reliability of the MTR
technique in the characterisation of earthen levees inner structures.
Although this application is at the limits of the technique itself (for
zenith angles larger than 90° the muon flux is practically null), the
comparison between the ERTs and MTRs maps shows that the MTR
is a suitable and promising technique that could successfully comple-
ment a program of geological risk assessment. The MTR maps, in fact,
show high transparency values in correspondence of the animal bur-
rows. This first application also highlighted some limitations like:
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a) the small detector dimensions, b) the long time of acquisition, and
c) the need of employing more than one detector to obtain a reliable
3D reconstruction.
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