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MONITORING HYDRAULIC PROTECTION OF EMBANKMENTS
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ABSTRACT

In the last decades, many lowlands belonging to the Po Plain in Northern Italy have been flooded several times, as a consequence of the
collapse of minor-river levees, as in the case of the tremendous flood events that hit the Emilia-Romagna Region in May 2023, where over 20
levees failed inundating a very huge area. The preservation of the levee integrity represents, therefore, one of the major issues for the Emil-
ia-Romagna Civil Protection Agency, which financed our research on an innovative levee monitoring technology based on an anti-erosion
revetment equipped with Fiber Optic Sensors. A test site of this solution has been implemented on a levee stretch by the town of Modena
in spring 2023. The system got over positively the flood events of May 2023 by detecting the evolution of the flood wave. Data interpretation

is still ongoing. The paper presents and discusses some results of the experimental investigation carried out so far.

INTRODUCTION

Except for the Po River, the Italian main watercourse with a watershed of 70,000 km2, the alluvial Po Plain is characterized by the presence
of many smaller rivers, whose original riverbeds have been rectified and confined, along with centuries, by levee embankments to reclaim
ground for agricultural purpose and, more recently, to develop highly technological industrial settlements, such as that of what they call “the
Italian Motor Valley”(Castaldini et al., 2019). Despite nowadays there are well-established design regulations and maintenance guidelines, in
the past, these small river levees have been customarily built using a mixture of different soils, often directly found on site, according to the
local common way of building and without following any design standard. This fact, together with the inherent level of uncertainty about
the actual performance of the earth structures (T. C. on D. Breaching, 2011), poses severe challenges in assessing the reliability of the levee
systems. This issue is closely tied to factors such as local geotechnical issues, concealed damage that may occur during rest conditions by
several agents such as weathering and biological activities, or overtopping during flood events. Consequently, the continuous monitoring of
embankments and vigilant surveillance during flood events are indispensable elements in ensuring the safety of nearby territories (Bellew,
2017).

Although the Emilia-Romagna region has preserved and indeed developed excellent levels of community resilience, the widespread sur-
veillance of the embankments, despite the efforts made by the authorities, has suffered a consequent unstoppable decline. Furthermore,
the reduction of available habitats has increased the attack of burrowing animals on the levee structures. The crucial factor lies in the effec-
tiveness of maintenance and surveillance to promptly detect and diagnose problems and activate the consequent management actions. It is
essential to emphasize that this task must be performed on linear structures spanning hundreds of kilometers. It is for these reasons that

the topic of technological support for monitoring the health status of these structures has taken on increasing importance in recent decades.

To this purpose, we conceived an anti-erosion levee sensing revetment, based on a geomat reinforced with double twisted wire mesh and
equipped with Fiber Optic Sensors (FOS). Currently, the use of FOS systems for levee monitoring is rather limited, with major experiences
concerned with laboratory small-scale models or large prototype tests in selected sites under controlled conditions (Bersan et al., 2018,
2019) and a few published real cases (Cola et al., 2021). Our work, financed by the Agency for Territorial Safety and Civil Protection of the
Emilia-Romagna Region, has been supported by Fondazione Politecnico di Milano, University of Padua (DICEA), Officine Maccaferri Spa
ed Optosensing Stl. We set a field trial on the left bank of the Grizzaga Creek in Fossalta, by the town of Modena, in the Emilia-Romagna
Region. May 2023 flood event provided the opportunity to evaluate the performances of this technology, towards a wider use of such ‘smart

revetment’ as a fully automatic early-warning system.

THE OPTICAL-FIBER SENSING REVETMENT

The concept of the sensing revetment took its origin from the integration between an anti-erosion geomat reinforced with a double-twisted
wire mesh and FOS. The idea is to provide smartness to a simple revetment element, typically used on embankments to prevent soil erosion
and the activity of burrowing animals. FOS are suitable for this goal for many reasons, among which we recall their nature of linear sensors,
high flexibility and high resistance to external environment, immunity to electromagnetic interference, and no need for power supply to
the sensor infrastructure (Lopez-Higuera et al., 2011). FOS detect with high sensibility strain and temperature variations of the structure on

which they are bonded; according to the technology on which the interrogator device unit is based, FOS can be distributed (DFOS) or in-
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tegral in the spatial dimension. In our solution, FOS, being coupled with the structural component of the geomat — i.e. the steel wire mesh
— which in turn is connected to the soil by means of the grass turf sowed above it, are potentially able to detect any physical-mechanical
solicitation (local embankment instabilities or levee overtopping, for instance) affecting the levee surface. Hence, the sensing component
provided by FOS can enrich the geomat with a new and strategic function of real-time monitoring of the functionality of the levee, as well

as a tool to support maintenance and civil protection operations during flood events.

The feasibility of this solution has already been investigated in previous studies by using Brillouin DFOS technology and a Fiber Optic
(FO) cable woven into the wire mesh (Bertulessi et al., 2020). In this work, we tested a competitive solution offered by Polymeric Optical
Fibers (POF). This kind of sensor has much higher flexibility than the silica ones and both the cable and the interrogation unit are very
cost-effective. The strain measurement is related to the overall attenuation of the power of the lightwave propagating through the FO cable
(Peters, 2010).

Figure 1 shows the prototype layout of the smart revetment unit. A roll of MacMat-R geomat measuring 25 m long and 2 wide is equipped

with two sensing loops by bonding the POF cables to the double-twisted portions of the wire mesh.
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Figure 1: Layout of the prototype of the sensing revetment. Each unit, measuring 25X2 m, is equipped with two POF sensing loops connected to the respective interrogator device, directly

mounted on the geomat panel.

Each loop is then connected to an interrogation device directly installed on one edge of the revetment. All the interrogation devices are
then connected on-site to a leading cable that provides them power supply and transmits data to the data logger. This layout, as well as the
bonding solution, have been selected by performing laboratory tests and finite element modeling on the transmission chain of strain within

the system soil-grass turf-wire mesh-POF.

CHARACTERISTICS OF THE TEST SITE

The site selected to test the sensing revetment is located on the left bank of the Grizzaga Creek, in Fossalta, by the town of Modena (more
than 184,000 inhabitants, June 2023), in Emilia-Romagna Region, northeastern Italy. The Grizzaga Creek is hydraulically connected with
the Panaro River, one of the largest rivers in the region. The test site layout is shown in Figure 2. In addition to the sensing revetments, we
installed a piezometer and four Drill&Drop Sentek probes in position A-D measuring soil temperature and water content every 10 cm deep
up to 1.20 m of depth. These sensors will be useful to get more detailed information about the behaviour of the levee when it is subjected
to external hydraulic actions — e.g. those related to a flood event — hence, understand how to identify failure mechanisms through the re-

sponse of the sensing revetment.
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Figure 2: Sketch of the layout of the sensing revetment test site.
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Four panels of our prototype sensing revetment have been installed on the site, two on the riverside and two on the landside covering a
total area of 200 m2. The installation has been implemented in the following phases: I) superficial digging of the soil to break up the exist-
ing turf; 1D laying and anchoring of the sensing revetments; III) covering of the revetments with 10 cm of topsoil; IV) plugging of the FOS

interrogation units to the sensing loops of the revetments; V) hydroseeding of new grass turf. Some images taken during the performing
of these phases are shown in Figure 3.

Figure 3: Photo collage of the sensing revetment installation procedures on a portion of the left bank of the Grizzaga Creek by the city of Modena (Italy).

The sensor network, as well as the sensing revetment interrogation units, are powered by a solar energy system and data are transmitted
wirelessly by the data logger installed near the site; the acquisition rate can be set remotely.

PRELIMINARY RESULTS FROM THE FLOOD EVENTS OF MAY 2023

Only a few weeks after the setup of the test site, the Emilia-Romagna Region was hit by two strong flood events that generated widespread
heavy damages and casualties, particularly in the eastern part of the region (Romagna). As regards the river system of our interest, both
events generated a flood wave determined by the backward water coming from the Panaro River. Sensing revetments placed riverside,
having been reached and submersed during both events, detected this occurrence. Figure 4, focusing on the time window from 30th April
to 25th May 2023, reports on the left y-axis the response with time of the POF loops F5 and F8 in terms of attenuation of the optical signal

with respect to a reference state taken before the first flood event; on the right y-axis, the river stage recorded in the same period by a hy-
drometer very close to the test site is shown.
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Figure 4: Response to the flood events of May 2023 of the sensing revetments placed riverside.

CONFERENCE PROCEEDINGS | INTERPRAEVENT 2024 823



A sudden decrease in the attenuation of the optical signal inside each POF loop is visible as it is reached by the water level. This alteration
lasts as long as the revetment is submerged, and it is almost recovered when the river stage returns below the sensor. Therefore, the response
is synchronized with the flood wave, and it is also consistent with the different altitudes of F5 and F8. As concerns the sensing revetments
placed landside, this trend is not present in the data recorded during the same period (Figure 5). In this case, we notice on POF loop C1

and C4 the opposite effect, that is an increase in attenuation as the rainfall related to the highlighted flood event occurs.
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Figure 5: Response to the flood events of May 2023 of the sensing revetments placed landside.

A possible interpretation of these observations could be found in the variation of the soil pressure on the sensing revetment. On the river-
side, as the soil becomes submerged, the effective stress on the revetment decreases because of the increased water pressure; in contrast,
on the landside, rainfall produces the opposite effect, because the topsoil, being wet by rainfall infiltration, increases its unit weight. This
explanation is confirmed by the measurements of the probes A and D at 10 cm depth, so very close respectively to C1 and F8 (Figure 6).
Probe D returns a sudden increase in the soil water content when the water level reaches the location of the probe, whereas probe A shows
an increase in water content synchronous with rainfall. At that time, the new grass turf was still growing, hence we can exclude any strong

mechanical connection between the revetments and the levee surface usually offered by the roots. Moreover, we did not note any signal of

slope instability, overflow, or seepage during the surveys performed after each event.
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Figure 6: Soil temperature and water content detected by probes A and D at 10 cm depth during the flood events in May 2023.

The smart revetment system has also proved to be quite sensible to the daily thermal excursion of the soil. The typical sinusoidal trend relat-
ed to this solicitation is visible during dry periods and it disappears during wet ones or when the revetments are submerged. This response
of the system is probably due to the thermal expansion of the wire mesh, to which the POF loop is bonded. Moreover, soil temperature

variation could also affect the sensor output.
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From a general point of view, it is not feasible to obtain a purely quantitative interpretation of these data nor to carry out a comparison
between the two events because this monitoring technology, as we said, detects the integral effect of any kind of action — thermal, mechan-
ical, hydraulic - that can produce, even locally, an attenuation in the POF sensing loop. Hence, its response to a given solicitation could be
different with time because any stretching or bending that could have changed in the meanwhile the mechanical and geometrical asset of

the entire POF loop is not markable.

CONCLUSIONS

In this work, we proposed a new solution for the real-time monitoring of the hydraulic safety of the embankments to support maintenance
procedures and civil protection operations. We conceived a smart revetment based on the integration between an anti-erosion geomat re-
inforced with a double-twisted wire mesh and polymeric FOS. Using the link with the levee surface offered by grass turf sowed above the
revetment, this solution is potentially able to monitor any levee failure mechanism affecting the functionality of the levee and involving its

surface.

We designed and installed a prototype of this sensing revetment on a test site in Emilia-Romagna Region (Italy). The sensibility of the sys-
tem, as well as its resistance in high-stress conditions, have been positively tested during the flood events that occurred in May 2023. The
flood waves have been properly detected by the sensing revetments placed riverside. The system is also responsive to variations in the soil
temperature and water content. The experimentation is still ongoing, and we are planning to test on-site the response of the revetment to
other types of actions, such as those due to seepage and internal erosion reaching the landside slope of the embankment levee. Since a
purely physical and quantitative data interpretation is not feasible with this kind of FOS, we are working also on an interpretation model
based on supervised machine learning algorithms to learn from the recorded data how to identify the effect of a hydraulic action through

the response of the sensing revetment.
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