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Towards a better understanding and monitoring of levees

behaviour to mitigate flooding risks *
Vers une meilleure compréhension et un meilleur suivi du comportement
des berges pour atténuer les risques d’inondation
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ABSTRACT: Although the river levees have been utilized for land protection by the earliest civilized societies over
4000 years ago, they are becoming increasingly crucial for our safety today. This heightened importance is due to the
industrialization of many regions, which has exponentially increased the value of protected areas. This issue is rapidly
becoming a critical concern in many European countries and beyond, particularly in light of the impacts of global climate
change on regional weather patterns. While both the design of new embankments and the maintenance of existing ones
aim to prevent structural failures, they follow distinct procedures. The challenge of understanding the inner composition
and actual state of conservation of existing structures and their foundations requires comprehensive on-site investigations
and careful surveys. On the other hand, given their extensive length, developing cost-effective strategies and procedure
for rapidly assessing the health state and detecting local anomalies in their geotechnical behaviour is demanding. To
address this challenge, numerous methodologies based on new technologies, such as geophysical tests, remote sensing,
fibre optical-based sensors and deep learning, are continually being proposed and examined. This intervention, while
not an exhaustive review of new approaches, aims to critically illustrate the state-of-art methods for monitoring and site
investigation of river embankments, supplemented with some examples.

RESUME: Bien que les berges aient été utilisées pour la protection des terres par les premiéres sociétés civilisées il y a
plus de 4000 ans, elles deviennent de plus en plus vitales pour notre sécurité aujourd’hui. En effet, I’industrialisation de
nombreuses zones a augmenté de maniere exponentielle la valeur de I’aire protégée. Cette question devient rapidement
une préoccupation majeure dans de nombreux pays européens et au-dela, en particulier en raison des impacts du change-
ment climatique mondial sur les conditions météorologiques régionales. Bien que la conception de nouveaux remblais
et ’entretien des remblais existants visent tous deux a prévenir les défaillances structurelles, ils suivent des procédures
distinctes. Le défi de comprendre la composition interne et 1’état de conservation réel des structures existantes et de leurs
fondations nécessite des investigations approfondies sur place et des études minutieuses. A 1’inverse, en raison de leur
longue durée, il est difficile de développer des stratégies et des procédures rentables pour évaluer rapidement 1’état de
santé et détecter les anomalies locales dans le comportement géotechnique. Pour y remédier, de nombreuses méthodolo-
gies basées sur les nouvelles technologies, telles que les tests géophysiques, les procédures de vision par ordinateur, les
capteurs a fibre optique et I’apprentissage profond, sont continuellement proposées et examinées. Cette intervention, bien
qu’il ne s’agisse pas d’un examen exhaustif des nouvelles approches, vise a illustrer de maniére critique les méthodes de
pointe pour la surveillance et 1’étude de site des berges fluviales, complétées par quelques exemples.

Keywords: Levee, Monitoring, Flooding risk, Failure mechanisms, New sensors.

1 INTRODUCTION

sively raised well above the adjacent fields. This prac-
tice is hazardous, mainly because the riverbed is often

River levees are among the earliest structures devised
by humans to protect communities from floods. In
the past, their construction was relatively straight-
forward, typically consisting in a progressive accumu-
lation of materials extracted from the nearby areas. As
the value of assets exposed to flood risk has increased
over the centuries, these structures have been progres-

*SOA2 Lecture
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higher than the countryside. In the event of a levee
breach, large volumes of water are suddenly released,
leading to strong exit currents and extensive flooding,
as occurred, for instance, in Germany in 2021 or in
Italy in 2023 (EEA, 2024).
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Figure 1. Elements of a levee system (CIRIA et al.,
2013).

With the increasing frequency and severity of flood-
ing events impacting the communities, the European
Union (EU) established a framework for flood risk
management with the goal of reducing flood damage
acrooss EU through 6-yearly cycles (Floods Directive
2007/60/EC, 2007). Two cycles have been completed
so far (2010-2015 and 2016-[Warning: Draw object
ignored]2021). During the first cycle, Preliminary
Flood Risk Assessments (PFRAs) and Flood Hazard
and Risk Maps (FHRMs) were realized. In the sec-
ond cycle, Member States were required to update
their PFRAs. These assesments revealed that approx-
imately 1500 flood events occurred in EU between
2012 and 2018 and the number is still increasing with
an exponential grow of persons and goods exposed to
risk.

The primary focus in all the countries is on enhanc-
ing the resilience of existing protections. Both the sci-
entific community and national land protection agen-
cies have concentrated on developing new methodolo-
gies to strengthen investigation and sur-veillance. In-
ternationally, working groups have been established to
develop guidelines for the design, maintenance, mon-
itoring, and management of levees. For instance, a
Europe-US group published the International Levee
Handbook — ILH (CIRIA et al., 2013), which has be-
come a useful reference for managing various river-
related issues. Other recent international guides are
the European and US levees and flood defence (EU-
COLD, 2018) or the Australian manual (ANCOLD,
2015).

2 LEVEE STRUCTURE

A levee is composed of several elements (Figure 1),
each serving a specific structural function to main-
tain the integrity of the whole. The main body must
be sufficiently impermeable to prevent water to seep-
age from the river to the external. At the same time,
it needs to be resistant and deformable enough to
withstand potential settlements without collapsing or
cracking. Ifthe levee body is not adequately imperme-
able, a low-permeability core, creating what is known
as a "zoned levee", may be incorporated. The berms,
i.e. earth extensions of the main body on either the
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river or land sides, serve multiple purposes: they sta-
bilize the embankment by reducing the average slope,
contain the saturation line within the levee body, ex-
tend filtration paths within the foundation, and miti-
gate erosive action in the event of overtopping of the
levee crest. In some cases, filtering layers, which may
include geosynthetic materials, are added in contact
with the core to avoid internal erosion, while to pro-
tect the slopes against water flow erosion, revetments
such as rip-rap or concrete beams are installed on the
riverside surface.
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Figure 2. Interventions to reinforce and enlarge the
banks of the Adige at Masi (Simonini et al., 2014).

Drainage systems on the landside are crucial for in-
tercepting and collecting seepage water, either within
the levee body or its foundation, thereby increasing
the effective stress state and enhancing overall stabil-
ity. Drainages can take various forms, including bth
high-permeable blankets inserted at the base of the
levee body and trenches or wells placed parallel to the
levee. Waterproof barriers may be alternatively em-
ployed to control seepage: for levees under construc-
tion, this could involve a deepening of the imperme-
able core into the foundation layers to prevent under-
seepage; to achieve the same effect in existing levees,
vertical diaphragms, as impermeable barriers extend-
ing from the crest of the levee down to the foundation,
are often used. Sometimes, structural elements, such
as walls, can be constructed on the crest to increase hy-
draulic confinement or at the riverside bank to provide
its protection.

Of course, this general scheme varies case by case
basis, depending on local needs and constrains. This
because many levees are very old and have been mod-
ified in successive phases as the need arose. Hence,
their current sections can be highly heterogeneous.
For instance, Figure 2 shows the cross-section of
Adige River at Masi (Italy), subjected to various en-
largement interventions starting from the first body re-
alized in 1600.

3 FAILURE MECHANISMS

Leaving aside failures of embankments occurring dur-
ing construction, levee collapses are traditionally due
to erosion, internal erosion or instability (CIRIA et al.,
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2013). Erosion may be related to scour induced by
river water flow or to erosion of the landside slope
consequent an overtopping. Internal erosion results
from water seepage within the body or the foun-dation,
which gradually removes small particles either dif-
fusely (suffusion) or along localized paths (piping,
contact erosion, etc.). Instability comprises all rigid
collapses of levees, with or without the foundation
layer, generally induced by seepage or high ground-
water pressure. All the failure modes can result in ei-
ther total collapse, leading to a complete loss of protec-
tion, or partial failure, if the protection remains effec-
tive with limited impact. Total collapse is particularly
dangerous when it occurs during the rising phase of a
flood event.

Different aging factors like freezing/thawing or
drying/wetting cycles, opening of discontinuities due
to karst phenomena (Samyn et al., 2014), plant col-
lapses and root degradation, excavations by animals
or humans, impacts from boats, or local settlements
induced by nearby constructions, can compromise the
structure and facilitate local failures. Overtopping and
scour can be also caused by localized obstruction or
section reduction due to the presence of human struc-
tures (e.g. bridge piles, transversal weirs, etc.) or due
to the accumulation of floating debris or waste.

While collapses induced by internal or external
erosion are carefully studied (e.g., Fell et al., 2009;
ICOLD, 2017; Hunter & Bowman, 2018; Nakashima
et al., 2020), the effects of cavities produced by ani-
mals are less investigated, perhaps believing that the
dens are limited in depth and/or can be easily detected
and repaired. On this regard, river dykes are very at-
tractive for many animals because rich of vegetation,
close to water and far from human activities. Both
aquatic or terrestrial species colonize the dikes (e.g.
FEMA, 2005). They excavate cavities both on water-
side or landside and create isolated burrows or inter-
connected systems of dens and tunnels (Figure 3) with
diameters from a few centi-meters to almost one me-
ter and lengths reaching also dozen meters (Fisher &
Dunand, 2016; Borgatti et al., 2017). The den systems
facilitate local instabilities and settlements (Figure 4),
but also water penetration in the body with modifica-
tion of the inner pore water pressure distribution, acti-
vation of piping, erosion around the cavity, etc. (Cec-
cato et al., 2022).

To understand how the problem is underrated, note
that in Italy, even if the presence of burrowing animals
along levees has well known since the ‘80s, only in
the past 15 years administrations started to organize
serious campaigns to limit their presence and repair
their damages. Unfortunately, the dete-ction of bur-
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Main burrow entrance

Figure 3. Rendering of a burrow obtained by
geophysical data and video inspections (Borgatti et
al., 2017).
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Figure 4. Effect of animal burrows: (a) structural
weakening, (b) altering pressure distribution, (c)
favouring piping, (d) starting concentrated erosion
(Ceccato et al., 2022).

rows needs very careful inspections as the vegetation
often hides their main entrance. Moreover, if some in-
ner tunnels remain open after a cavity repairment, the
water easily fills them increasing the inner pressure in
the body, with consequent opening of a breach. On
this regard, with a simple Limit Equilibrium scheme
(Figure 5), Ceccato et al. (2022) demonstrated that
not very high pressure needs for opening a breach on
the landside and rapidly producing a levee failure. An-
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Figure 5. Simplified failure mechanism and limit
hydraulic head Hlim as function of inclination of
failure surface [ for D=0,25m, [1=18kN/m3,
¢’=3kPa, [1=31°, Lh=1m (the stars indicate the

minimum Hlim for each case) (Ceccato et al., 2022).

other important aspect that is often not enough consid-
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ered is the internal erosion occurring at the contact be-
tween soils of different grain size. This contact often
coincids with a depositonal plane, but it may be also a
lateral contact, such as between a river paleobed and
other lateral sediments (e.g. Wodajo et al., 2019), or
between an original levee and a section repaired with
other materials. The type of erosion occurs when the
ground water flowing in the more permeable media
mobilizes the small particles of the less permeable soil
close to the contact. This occurrence can produce ret-
rogressive piping or localized cavities, with the well-
known consequences on the levee stability. It can also
arise at the contact of soil with a rigid buried struc-
tur (e.g. a pipe, a wall, etc.), where there is always a
small interspace in which the ground water can flows
at a higher speed.

4 INVESTIGATION AND MONITORING

As it is evident that heterogeneities predispose local
or general failures and that they may form with time
for many possible causes, it is paramount a continu-
ous in-site survey and monitoring. About investiga-
tion, various guidelines (e.g., CIRIA et al., 2013) sug-
gest to adopt a three-level process integrating different
survey methods. The 1% level aims to gather all the
available information about the morphology and ge-
ology, the historical river evolution, the existing pro-
tection system and the other structures adjacent to or
intersecting levees. In the 2" step homogeneous sec-
tions are zoned by combining the 1st level results with
accurate visual inspections and no-invasive geophysi-
cal surveys. Finally, the 3™ level focuses on obtaining
a reliable risk evaluation, through detailed investiga-
tions concentrated in the most critical sections.

In the last 20 years, much has been invested in de-
veloping new methods and defining their reliability in
detecting heterogeneities or pre-failure signals. Con-
ventional geotechnical methods involve invasive tech-
niques such as core logging and in-situ geo-technical
tests, generally requiring long time and high costs.
They provide detailed information but only localized
in particular positions within the relevant extension of
the structures. Therefore, the obtained data, even if of
high quality, cannot be completely representative of
the entire structure. Thereby, in the recent past, the ef-
forts are mainly concentrated on non-destructive tech-
niques that are quicker to be executed, do not alter the
levee inner structure and provide distributed data with
high spatial resolution, i.e. are more cost-effective.

Geophysical tests, such as Electrical Resistivity To-
mography (ERT), Electro-Magnetic Induction (EMI),
Ground-Penetrating Radar (GPR), and Multichannel
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Analysis of Surface Waves (MASW), have a domi-
nant rule in investigation. These tests aim to obtain
the 2D or 3D distribution of physical soil parame-
ters, such as electric resistivity, self-potential, stiff-
ness, etc., which can reveal soil stratification or the
presence of heterogeneities. Anyway, as the interpre-
tation of geophysical data is not unique, it is advis-
able to utilize geotechnical tests (such as boreholes,
penetrometer tests, dilatometer tests, etc.) to correctly
calibrate these tests.

Another crucial investigation activity involves the
interpretation of raster images of the ground surface
captured through remote sensing technologies, includ-
ing standard and multispectral cameras, thermal cam-
eras, radar, and more. These advanced techniques en-
able the detection of external heterogeneity or anoma-
lies, which can indicate deeper depositional structures
or represent signs of instability, such as local subsi-
dence caused by burrowing animals or lateral erosion
due to leaks.

When non-destructive techniques are repeated over
time, they become highly effective for monitoring or
providing early warning. A rapid change in soil pa-
rameters during a flooding event, for example, might
signal critical behaviour that requires immediate at-
tention. This is particularly relevant for techniques
like Time Lapse ERT (TL-ERT) or self-potential mea-
surements. Similarly, Multi-Temporal Light Detec-
tion and Ranging (MT-LiDAR) is a valuable tool
for ongoing monitoring. Other technologies specifi-
cally designed for monitoring include Distributed Fi-
bre Optical-based sensors, which are primarily used
for measuring temperature and strain. Remote sens-
ing with thermal cameras and Multi-Temporal Inter-
ferometry Synthetic Aperture Radar (MT-InSAR) are
also increasingly applied for monitoring purposes.

Far from being exhaustive, in this chapter a review
of various techniques recently proposed, and still un-
der development, is presented. The scientific literature
on this topic is extensive, with new solutions continu-
ously emerging. Given the vastness of the subject, it is
not feasible to cover all the information within a few
pages. Therefore, the focus here is to highlight some
of the most promising proposals, based on the author’s
personal judgment.

4.1 REMOTE SENSING TECHNIQUES

The remote sensing studies of the last decade have
largely focused on detection of soil use, soil moisture,
vegetation, deformation, and seepage, taking advan-
tages by the increasingly higher resolution of various
types of electromagnetic devices, like: simple cam-
eras capturing images in the visible ranges, hyperspec-
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meander belt reconstruction and fluvial morphology identification (Cassiani et al., 2020).

tral cameras working in the Visible and Near-Infrared
(VNIR) and Short-wave infrared (SWIR) spectrum,
thermal infrared (TIR) cameras, laser, other. At first,
the cameras are borne either by satellite or airplane
with high costs: actually, with the reducing costs of
UAVs (Unmanned Aerial Vehicles, also simply known
as drones) the remote sensing is becoming quite a nor-
mal activity within a monitoring campaign. Further-
more, the sensor miniaturizing allows the installation
of various sensors on the same UAV and the simulta-
neously collection of different types of georeferenced
images from each position.

Figure 7. Vegetation index obtained from VIS and
NIR images (a) and Water index (WI) (b). In the
black form the area interested by a leak from pipe
(Krapez et al., 2020).

These techniques have very large potential applica-
tions which grow in exponential way. For instance,
high-resolution true-colour composite images give a
consistent idea of the land use changes and permit the
mapping of the paleo-hydrographic traces with sub-
metric accuracy (Cassiani et al., 2020): the example
reported in Figure 6 shows the evident variability of
vegetation state in space at a specific time, as well as
across various seasons.

Moreover, many studies focus in the application
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Figure 8. Lidar scan of the “La Paliere” dike
optained with a YellowScan Lidar transported by a
drone Copter-4 (Boggio et al., 2019).
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Figure 9. Digital terrain model from photogrammetry
(top) and projection of a thermal image (bottom) with
localization of a leak. (Boggio et al., 2019).
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Figure 10. Movement rates (mm/year) for the
Markermeer levee in the LOS direction of the ERS
satellite obtained for the period of 19922001 for the
(a) ascending and (b) descending orbits (modified by
Ozer et al., 2018).

of thermal and multispectral imagery (Cundill et al.,
2014; Krapez et al., 2020) for the assesment of the soil
moisture content and the cover quality of levees, or
for the detection of leakage from water infrastructures.
The principle undeflying these methods is that the in-
crease of soil humidity, and the vegetation which ben-
efits of it, change the optical properties of the surface,
namely the reflectance, as well as the thermal prop-
erties of the top soil layer, such as the infrared emis-
sivity, the temperature, and the thermal inertia. As a
matter of fact, all these effects contribute to reduce the
day/night amplitude of temperature fluctuations. Dur-
ing sunny day hours, wet areas show a lower temper-
ature respect the drier areas, whereas the opposite is
expected in the night.

From long time, TIR have been used to assess
the soil moisture or evaporation rate over vegetation
canopy areas (Nellis, 1982), but the presence of dense
vegetation or shadows negatively affects the detec-
tion accuracy, leading to false positives. A combined
use of TIR and multispectral or hyperspectral cameras,
capturing VNIR data, can overcome this limitation
(Krapez et al., 2020). Figure 7 shows the vegetation
and the water indeces (see the cited paper for the def-
inition of these indeces) obtained from a VNIR image
of an area interested by a leak from pipe. The water
index is inferred by the vegetation index with the em-
pirical Triangle/ Trapezoid method. In both the maps
the leak is easily identificable. Note that, in this cas-

estudy, environmental conditions are very favourable
for the application of the method. This means that the
applicability of these techniques is strongly affected
by the local conditions and the relationships among
the state parameters are strongly site-dependent, thus
requiring a careful calibration before becoming a stan-
dard for more general applications.

Laser Imaging Detection and Ranging (LiDAR) is
nowadays extensively employed for surveying large
areas. It allows identification of micro-reliefs in the
field, thus validating the results found via image anal-
ysis (Arnaud et al., 2015, Scorpio et al., 2019). More-
over, repeated LiDAR surveys over time enable the
monitoring of potential local settlements (Figure 8),
which can be important early indicators for immi-
nent failures (Dentz et al., 2006; Hanssen & van
Leijen, 2008; Ozer, et al., 2016) or sections at risk
of overtopping. Alternative to Lidar is the stereo-
photogrammetry (Figure 9) which allows to obtain 3D
point cloud of surfaces from the stereoscopic analy-
sis of two digital images of the same scene, captured
from different positions also with conventional cam-
eras (Marsella et al., 2014).

MT-InSAR is another monitoring technique gain-
ing popularity. Due to its large spatial coverage, high
accuracy and quite-continuos acquisition, MT-InSAR
is widely employed for the ground motion identifica-
tion over large-scale areas (e.g., Ozer et al., 2018; Shi
et al., 2019). Further, it permits to evaluate possible
levee subsidence for overtopping assesment. Its main
limitation is the high expertise required for manag-
ing radar data and accurately evaluating the real dis-
placement components in relation to the relative levee-
satellite orientation (Figure 10). Moreover, it needs
long time-series for detecting anomalous behaviours,
which may develop within a longer time span (from
days to months) and can behave as potential instabil-
ity indicators. In fact, the temporal sampling of con-
temporary satellites allows to monitor changes on a
daily scale (e.g., Sentinel-1a, 6 days r epeat cycle,
average of 1-2 days revisit time in Europe). As the
geotechnical failures, occurring in a range of hours
to days, may not be detectable within this sampling
interval, we need to look for their pre-signals (Ozer
et al., 2018). For instance, a piping failure may be
anticipated by a small uplift on the landside border
occurring in a time span long enough to be detected
with MT-InSAR. Likewise, anomalous vertical defor-
mations on the crest and larger horizontal deforma-
tions at the toe may be observed during rising water
levels prior to a failure event. Also, the shrinkage due
to long drought periods, can cause horizontal sliding
of a levee.
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4.2 GEOPHYSICAL TECHNIQUES

ERT, which determines the soil electrical resistivity
(Figure 11) by passing a current through the soil and
measuring potential differences, is surely the most uti-
lized technique for levee investigation. It offers high-
resolution imaging of subsurface structures, allowing
for the detection of soil stratification, discontinuities,
and heterogeneities.

As the resistivity is strongly depended by many fac-
tors, such as soil grain-size composition, water content
and saturation degree, chemical composition of pore
water and temperature, a reliable evaluation of soil
stratigraphy requires the execution also of geotechni-
cal tests. On the other hand, the dependence from the
saturation is the principle on which is based the Time-
lapse ERT (TL-ERT), that compares 2D soil resistiv-
ity sections obtained in different moments to identify
zones of rapid saturation (Figure 11), probably related
to higher permeability or anomalous leakages. Thus,
the TL-ERT can be used as monitoring tool, or also in-
tegrated in a warning system if it is set to give a signal
when the resistivity exceeds expected seasonal max-
ima.

TL-ERT based on permanent electrodes was intro-
duced by Johansson and Dahlin (1996) on an embank-
ment dam and has been more widely implemented
since then (e.g., Arosio etal., 2017; Jodry et al., 2019).
The experiences collected up now show that the resis-
tivity maps seem to reasonably capture the trend re-
lated with the saturation/drying cycle of the levee, both
for the main body and its foundation, caused by both
the seasonal variations, the meteoric conditions and
the water level changes in close rivers. However, the
response of resistivity to sharp water level or air tem-
perature variations is delayed and smooth (Tresoldi
et al., 2019). [Warning: Draw object ignored]An re-
cent interesting application of TL-ERT for investiga-
tion was performed in the Adige River levee (Fabbian,
2023). There, 5 parallel ERT cables were installed in
5 boreholes realized at the centre and the corners of a
square area along the levee. They were used for mon-
itoring some tests perfomed by injecting, inside a spe-
cific soil layer, water with different salinity and tem-
perature from the in-situ ground water. The aims was
to check the in deep paths of the water trougth the 3D
resistivity distribution. Figure 12 shows the percent-
age change in soil resistivity after 8 hours of water in-
jection (and a night of rest) in a layer at 12.5m from
the crest. The horizontal section clearly evidences the
anisotropic distribution of the permeable soil, where
the injected water moves more easily.

For the strong influence of soil state parameters to
its resistivity, a careful calibration of normal trend
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Figure 11. Results of TL-ERT measurements carried
out on the landside of Loire river: the top section is
the 2D inverted resistivity tomography for the
reference date of December 2013; below the
percentage resistivity change sections in some
months of 2014 (Jodry et al., 2019).
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Figure 12. Percentage change in resistivity in the
injection test executed at Adige river levee (Fabbian,
2023).

needs before adopting TL-ERT for warning purpose.
Moreover, although the TL-ERT method is an efficient
solution for long-term monitoring, as the numerous
applications have shown, one drawback of this method
is the dramatic increase in costs when lengths of more
than a few hundred meters are to be studied. Its ap-
plication is possible only to monitor some already de-
fined critical sections, but not for a diffuse utilization.

Generally in alternative to ERT, but more frequently
n combination with it, it is possible to utilize EMI.
Thanks to the enhancements recently obtained for the
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Figure 13. 3D view of the eight 2D conductivity
maps (above) and three 2D maps showing difference
in conductivity values and highlighting point-bar,
channel- fill and floodplain morphologie (Cassiani et
al., 2020).
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Figure 14. Sismo-electric streamer (modified from
Arato et al., 2022).
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electromagnetic devices working in frequency domain
(FDEM), they have short time of acquisition and are
easy integrable on mobile platforms. In this way, they
enable the possibility to provide quantitative 2D and
3D models of electrical conductivity (EC) without the
use of electrodes in contact with the ground (Cassiani
et al., 2020). This tecniques is actually considered
very promising, as it allows to investigate in a few days
tens kilometers of levees (Dezert et al., 2019) with a
long path, or plan areas by realizing parallel surveys
at small interspace. Multiprobe devices permit to in-
vestigate the resistivity at different depths up to about
7 m, thus analysing also the foundation layer in case
of small and medium levees. The results reported in
Figure 13, obtained with a EMI survey in a alluvial
plan by Cassiani et al. (2020), demonstrate the ability
of'this technique for identifying the bottom of a paleo-
channel. For this, actually, EMI is considered more
reliable and useful than GPR in identification of het-
erogeneity, even if there are new more powerfull GPR
able to investigate up to 8 m.
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Figure 15. Soil classification as a function of shear
wave velocity (VS) and electrical resistivity (R)
values based on theoretical approach. Application to

data collected in some river embankment in Italy
(Vagnon et al., 2022).

As for the ERT, also EMI can be repeated in differ-
ent seasons or after a flood events to observe the areas
with more rapid response to external forcing. Many
authors emphasize the adavantages given by a com-
bined application of the geophysical tests among them
or with other geotechnical tests (e.g. Dezert et al.,
2019; Perri et al., 2014). On this regard, the possi-
bility to combines measures of resistivity and seismic
velocities (mainly shear wave velocity, V) has been
recently esploited for investigation purpose. In par-
ticular, MASW, based on the Rayleigh wave disper-
sion curve (DC) analysis, is considered the most ef-
fective for the determination of vertical profiles of the
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propagation rate of shear wave Vg (Foti et al. 2018).
Combining some acquisitions, MASW allows to have
a pseudo 2D representation of V. Since the electri-
cal resistivity is very sensitive to fluid phases, while
V; is sensitive to the mechanical properties of the soil
skeleton, the combination of their measurements can
increase the accurate respect the measurement of one
alone. Several applications of the coupled methodol-
ogy along linear infra-structures are already available
(e.g. Min and Kim, 2006; Comina et al., 2020a). Af-
ter several attempts, Arato et al. (2022) proposed a
new sismo-electric streamer (Figure 14a) which over-
comes some technical problems presented by previous
devices. It couples a seismic streamer with the stain-
less steel brushed electric streamer previous developed
(Comina et al., 2020b). The new device is specifically
conceived for the investigation in levee structures, of-
ten formed by low resistivity soils. Moreover, it can be
dragging along a levee (Figure 14b), allowing a more
quick survey respect conventional ERT and MASW,
but also respect the no coumpled streamers. The data
acquired with the new device can be utilized for soil
identification. Some first attempts, for instance, are
proposed by Vagnon et al. (2022): according to some
theoretical models, they relate the clay-silt content to
V; and R (Figure 15). Of course, since the resistiv-
ity is strongly affected by chemical composition, the
method has to be calibrated measuring the resistivity
of the local water.

4.3 FIBRE OPTICAL-BASED SENSORS

Fibre Optical-based Sensors (FOS) utilize a single ca-
ble functioning both as sensor and for data transport.
They have significantly enhanced monitoring possi-
bilities as they offer numerous advantages, including
high precision and spatial resolution, data collection
over several kilometres, and automatic recording in
real-time of deformation and temperature. A compre-
hensive review of their basic functioning and possi-
ble applications in the geotechnical field is provided
by Schenato (2017) and Zheng et al. (2020). Cur-
rently, there are two FOS types: Fiber Bragg Grating
(FBG) sensors and Distributed Fiber Optical Sensors
(DFOS). DFOS are more cost-effective if data collec-
tion is required over long spans with small intervals.
DFOS can be utilized in various ways in levee mon-
itoring. One application is detecting temperature with
a cable only dedicated to temperature measurement,
namely the Distributed Temperature Sensors (DTS).
These devices are inserted at the landside toe (Figure
16) to detect potential leakage (Khan et al., 2014), ei-
ther in passive or active modes. In passive mode, DTS
is employed to detect localized temperature fluctua-
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Figure 16. Principle of leakage detection by optical
fiber
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Figure 17. Temperature drop detected by a FBG in a
small physical model of levee when seepage
occurring along a sand inclusion reaches the sensor
(Hojat et al., 2021).

tions caused by anomalous water leakage which forms
during flood along high permeable flow paths. In ac-
tive mode, DTS is used to detect localized anoma-
lies in the thermal response of the soil when the ca-
ble is heated by an electrical resistance integrated with
the optical cable. For [Warning: Draw object ig-
nored]effective use of DTS in levees, attempts have
been made to establish relationships among tempera-
ture variations, meteorological and hydraulic forces,
soil heterogeneity, and the seepage process within the
levees and their foundations (e.g. Radzicki et al.,
2021). Moreover, as in existing embankments the
fibers can be installed by ploughing, micro-trenching,
directional drilling or inside boreholes, some tests are
carried out to verify the possible layouts and the reli-
ability of data collected (Radzicki and Bonelli, 2010;
Bersan et al., 2018; Abbasimaedeh et al., 2021; Cola
et al., 2021; Hojat et al., 2021; Fabbian et al., 2024).
For examples, Figures 17 and 18 show some results
obtained by Hojat et al. (2021) and by Fabbian et al.
(2024): in the 1% case some FBG were installed ina 1g
physical model of levee including two sand lenses to
facilitate a localized seepage; in the 2™ case the data
are recorded in an existing embankment with DTS in-
stalled in boreholes along a cross-section.

Even if, the first attempts have evidenced some dif-
ficulties in correctly relating the temperature evolution
to possible leakage, especially in real levees, the tests
are still under-execution and results will be attended
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Figure 18. Temperature vertical profiles recorded in
three boreholes at the Salorno test site B during a
flood event occurred in November 2023 (Fabbian et
al., 2024).

in the future.

A second crucial application of FOSs for levee
management is their use in constructing water pressure
sensors. To this regard, the most convincing solution
proposed up to now is the Distributed Pressure Sensor
(DPS) presented by Hottges et al. (2023) (Figure 19a),
which developed an initial idea proposed by Schenato
et al. (2020). DPS is actually patent pending, but it
has been already positively subjected to accurate cal-
ibration tests (Figure 19b) and used in some physical
models of levee.

Finally, other proposals are emerging. For instance,
Di Prisco et al. (2024) are testing DFOS to detect
local settlements caused by burrow excavation or lo-
cal instabilities. Similarly, Luo et al. (2023) are uti-
lizing DTS to detect desiccation cracks forming on
the levees. Of course, all these attempts are still un-
der evaluation. However, as with other monitoring
methodologies, the most crucial aspect is the need
for long time-series data to detect anomalous behav-
ior relative to normal seasonal temperature variations.
This highlights the significant effort required to man-
age the acquired data. For these methods to become
standard in levee monitoring in the future, we must
develop simple and time-efficient procedures, likely
based on Artificial Intelligence algorithms, for data
analysis. Adopting a different approach, the optical
fibres can be finally integrated in early-warning sys-
tem. For example, Bertulessi et al. (2024) propose
a smart levee revetment, obtained integrating a FOS
in an anti-erosion geomat. In this case, the FOS does
not measure the temperature or strain of soil or geo-
mat, but only the overall attenuation of the light signal
is recorded that may be due to an important strain of
geomat, thus indicating the occurrence of a levee in-
stability.
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Figure 19. (a) Design concept for the new DPS; (b)
Spectral shift measured with BOTDA system along a
DPS in a calibration test (Hottges et al., 2023).

44 OTHER COMPLEMENTARY ACTIVI-
TIES

Monitoring does not only involve measuring physical
quantities but also observing and cataloging events ac-
cording to defined criteria to maintain a record over
time. Since backward erosion piping is recognized as
a major concern in many river systems worldwide, the
Interregional Agency for the Po River (AIPO), as part
of the European Project LIFE SandBoil (Tonni et al.,
2024), has implemented a GIS-based web application
to catalogue the sand boils observed in its operating
area. The resulting database allows for maintaining
comprehensive and varied information regarding pre-
disposing factors, initiation conditions, and surface ef-
fects. The long-term aim is to support vulnerability
studies and the development of risk maps against pip-
ing, in order to suggest priorities for the execution of
mitigation measures.

5 GENERAL REMARKS

River embankements are linear infrastructures with
very long development. The strong emergency created
worldwide by the global climate change has revealed
the fragility of levee systems in many countries and led
the scientific community to find new approaches for
levee investigation, monitoring and assessment. The
required conditions for a techni-que to become widely
used are rapid execution at low costs and ability to de-
tect state properties that uniquely identify the hetero-
geneity or anomaly of the structure or its hydraulic re-
sponse. Many proposals have been made, each with
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its own advantages and disadvantages, but it still does
not seem possible to identify a single technique that
can be considered the best overall, both for investiga-
tions and monitoring.

From the experiences gathered so far, it is clear
that the optimal approach involves the combined use
of multiple techniques. For instance, combinations
of ERT and EMI, or ERT and MASW, seem promis-
ing for the characterization of embankment structures.
These methods should always be supplemented by
a certain number of geotechnical tests, necessary, at
least at current stage of research, for the calibration of
geophysical techniques.

For monitoring purposes, remote sensing tech-
niques, such as imaging with thermal or VNIR cam-
eras, LiDAR, or stereophotogrammetry, are emerg-
ing as very promising solutions because they meet the
necessary requirements mentioned above, given the
possibility to monitor or investigate large areas, even
in zones difficult to reach. However, the fact that
they provide only an external survey of the structure
is a primary limitation. As a result, these techniques
might detect anomalies, such as the presence of perco-
lation on the landside slope, at a stage where the phe-
nomenon is already advanced. This limitation under-
scores the importance of integrating remote sensing
with other methods, such as monitoring with DFOSs,
to ensure comprehensive surveillance and early detec-
tion of anomalies.

Another important lesson from the applications of
new techniques is the necessity of gathering a substan-
tial amount of data across many sites, as well as re-
peatedly acquiring data at the same site across various
seasons and conditions. This repetition is crucial for
reconstructing and characterizing the normal behavior
of'alevee, which, in turn, allows for the recognition of
anomalies when they occur. Given the vast amount of
data that needs to be collected, a significant challenge
for the near future lies in developing algorithms capa-
ble of rapidly analyzing the acquired data and provid-
ing early warnings well in advance. This will be es-
sential for improving the effectiveness of levee moni-
toring and preventing potential failures.
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