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Sommario

Latemologia multispettrale viene ampiamente utilizzata da diversi decenni nella mappatura di zon
conscarsa vigoria ved@ta.In particolare vengono valutptezioni di coltivaziorgiu secche di quelle
circostanti, e quindi con una minore rerelitmomica. @pure aree estesecrisi idrica che possono
rappresentare un pericolo, a causa di passibidiGong et al., 2006)

Questa tesi nasce con | dintento di utilizza
analizzare aree con una vigoria vegetadiygiorela quale puo esserdicativa dilisponibilita di acque
sotteranee relativaente piu elevata come conseguenza di fenomeni di filtrbhiziooblema delle
f il tr azinecontesti datualceqastaditstato analizzaton diverse tecnologie, tecniche radar,
geofonigeoradarspecialmente per determinare filtrazionideéb at ur.e ddacqua

Adesempiddiadj i mi t sis et al. (2013) hanno studiat
siaattraverso la tecnologi@rspettrale, montata su pallone aerostatico, chemquedipettralpresente
sui satelliti, e quindon una bassa risoluzipn#enendo risultati interessanti

In questo lavoranvececi si propone di analizzareenomeni di filtrazional di sottoo attraverso
un copo arginale, la cui causa dipegmrésumibilmentddla presenza di ypaleoalveo, che funge da
via preferenziale per | 6acqua qvendidpikoa i | i vell

Lo studio viene affrontato da tre prospettive diverse: analisi dipdessidndnterstizial@lei pori
lungo il tratto arginakegistrata da piezometri installati in diverse posizione ed a differenti profondita
analisi di dati multispettrali di precisione acquisiti durante tre indagini (maggio e luglio 2017, aprile 201
e di immagini multispettrali da satdaHiéamite indici vegjativi

| dati vengono quindi esaminati congiuntamente per ottemevesione completa del fenomeno e
percercare correlazioni tra di elssparticolare¢ stata trovatana relazione tra zone con alti valori di
indici vegetativi, tipici di una vegetazione vigorosa, e dunque di porzioni di suolo con maggiore contenu
idrico, con I@ressioninterstiziali misurate dai piezometri a seguito di eventi di piena del éivergeadi
all darea in esame.



Abstract

Multispectral technology has been widely used for several decades in the mapping of areas with Ic
vegetative vigor. In particuldwe purpose is to detect drier crop areas which wik hawer economic
yield, o to identifyextended areas in water crisis thabedrazardousue to possible fires (Gong et al.,
2006).

This thesis is born with the intent to use this same technology, but with the opposite purpose: to
analyze areas with a higher vegetative vigah wéin be indicative of the availabilityhigher
groundwater conteat a consequencesekpagphenomena. The problem of wateepagm natural
and constructed contexts has been analyzed with different technologies, radar techniques, geophon
georaar, especially to determssepagdsom water pipes.

For example, Hadjimitsis et al. (2013) studied the problem cfeegtgEom pipes, both through
hyperspectral technology, mounted on an aerostatic balloon, and the multispectral one present c
sdellites, and therefore with a low resolution, obtaining interesting results.

In this work, instead, we propose to analyzeettyigagphenomena below or througleaee whose
cause presumablypgeds on the presence of an ancient rivewd®dh acts as preferentighathfor
water when the hydrometric level resesonsequence of floedents.

The study is tackled by three different perspectives: analgsi® pfessure data along the
embankmenmneasurebly piezometers in different positions and installed at different,deptysis of
multispectral precision data acquired during three surveys (May and July 2017, April 2018) ar
multispectral satellite imag@®ugh Vegetation Indexes (VIs)

The data ar¢hen examined jointly to obtain a complete view of the phenomenon fardl to
correlationdetween themn particular, a relationship was found between areas with high values of
vegetative indices, typical of vigorous vegetation, and therefore of pbsiinsithhighermoisture
content, withitheinterstitial pressures measured by piezometers followingvibmasl.



1. Introduction and Objective

1.1. Introduction

In the last decades, the increase of severe flood events has become a worldwide issue that must
face up to. A report of the EASAC (European
confirmed by its update of the 2018, showed up that flood @veneiased by the 3000% from the
1980, as stated figurel.1l. Floods and the other events related to the climate change have a severe
impact of soeiy, both in economic and social terms. This means that the society must adapt to this
climate variability.

500%
400%
300%

200%

100%

0%
1980 1986 1992 1998 2004 2010 2016

== Geophysical events (earthquake, tsunami, volcanic eruption)
- Meteorological events (storm)
=== Hydrological events (flood, mass movement)

Climatological events (extreme temperature, drought, forest fire)

Figurd.l. Linear trends for different worldwide natural cataodpyBput@8Easac

An important step of this adaptation should be the monitoring of the critical areas in the territory.
This study in fact foceson a possible monitoripgocedure testeaer the levee system of the Secchia
river, which experienced a breach in the 2(8an Matteo (MO), and in particular over a trait of a levee
that has had watseepagissues. This monitoripgocedureshould consist in a periodical survey over
the levees with a drone equipped with a multispectral camera, to detect area witbeppagible
problems. Once detected the areas of interest, more detailed surveys shoutchbé aedan situ
monitoring system should be deployidak traditional way of inspection consists in the direct visual
examination of the levee by some designiegmitieally on foot, who evaluates the quality of the grass
cover, the presence of dead vegetation or absence of it, that could be relateddeepagargnimal

1 EASAC (2018). Trends in extreme weather events in Europe. Preparing for climate change adaptatior
an update on EASACO6s 2013 study.



2

burrows for exampl@his method requires a lot of time, thus the new approach gudpze would
save personnel and time, that could be allocatelste¢as monitor other problems.

Together with the monitoring of the territory, this methodology could be adopted for the inspection
of possible water leakages in water pipes (Hadjimatis)&8).

1.2. Objective

The data used inighstudy are part of a program carried oétlBy (Agenzia Interregionale per il
Fiume Po)n collaboration with Esplgrahich consists in finding effective and time saving methods for
the detection of problems in the embankments of theinekrdedn the Po basin.

Initially the multispectral survey westedn differentsectors of thembankments to detect possible
animal burrows, whit¢tave been found to be the cause of the collapse of the embankment of the Secchia
river at San Matteo ( MObeburraws &houldded(edt A lfp aaobsl ee tb
in the \kgetatiomndexes (Vis)caused beanimals (badger, porcupine and fox maivtljoh remove
the grass cover

This stug, thus, using the multispectral surveys already available and integrating them with the dat
obtained by the piezometarsd with the raw data from the satellite Sentiisehined at:

0 Analyzing the multispectral ima@éSIis)with different Vegetation Indexes (VIs) to detect areas
with a higher vegetative vigor, as proxgepagpath;

o0 Analyzing thedatafrom the piezometers installed along the embankmemtderstand the
groundwater flow during flood events and during staldes iow periods

o Search for a possible correlation between the increpsee ofaterpressure values the
piezoneters and the values of the Vis.



2. General characteristicstiof Secchia basin

In this sectionthe geological, geomorphological and hydrological featurestotlibeareawill be
describegdwith a preliminary part focusing on the Po plain in general, on the history of the riverbeds and
finally describing the garince of Modena and particular the area where stiediedembankment is
located.

2.1. Geomorpholodesdriptiohthe Po plain

The area considered belongs to the Apennine sector of the PoTWaleyoutcropgHolocenic
alluvial deposits with graomolery varying from clay to sands aegbosits of the rivers Reno, Panaro
and Secchia.

The area in questigRigure2.1) falls to the center of the ardzaracterizeldy the "Ferrara folds"
that have affected both the distribution of deeper deposits and the hydrographic evolution in this area c
the Po Valley.

Asitis known, the Ferrara folds are constituted by a sdaakfotds whiclcreated positive structure
strongly raisenh relation to the surrounding aréhe Ferrara folds represent the continuation of the
Apennine structures in the area ofRbeplain The thickness of the Rliguaternary marine deposits is

very varied, being naturally conditioned by the geometry of the aforesaid structures. In particulal
concerning the area under examinatieir, thickness has a depoceimtéhe area oféh Giovanni in
Persiceto (8500 m) in correspondence with the axial sector of the BB@gmarto - Reggio Emilia
Proceeding to the north, the thickness gradually decreases up to 5500 m of Cento.

Between Cento and S. Agostitite PlieQuaternary depasi are notably disturbed even by
disjunctive andiaultedstructures; their thickness varies betwe@rai& 2500 m. In the area of S.
Agosting they reach locally a maximtincknes®f 3500 mwhich is reduced by proceeding towards
the area of Finale Emilia (2500 m); beyond Finale Emilia there is once again a rather complex sector
whose axial culminations the power of thequiadernary sediments is reduced to only 250 m (Bondeno
and Ferrax area).

Proceeding from the northern extremity of the japa@ninic conoids up to the height of the Cento
- Crevalcore alignment, the continental deposits reach here the maximum thickness (about 400 m), wi
brackish or lagoon episodes; this arearallsriespondence with the Bologrigomporto- Reggio
Emilia syncline. In this sector, there are frequent sands of both Apennine and Alpine origin (the latte
more frequent at greater depths). Between the aforementioned alignment and that of Firale Emilia
Vigarano Mainarda, we have in the first 50 m rows and clays with low permeable levels consistin
exclusively of silty sands of Apennine origin; at higher depths, more powerful and more granulometri
sand levels appear, due torthriraldigging of the ®River

To the north of the Finale EmiliaVigarano Mainarda route one enters the lowland sector
characterized almost exclusively by the Po floods, which constitute regular sedimentary bodies stretch
in the W- E direction at least up to 100 m deep.
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Figur@.1l. Tectonic scheme of the southern Po plain.

2.2. Historical profile of the right tributaries of the Po river

Near the Po river and south otlite river system has developed according to the typical sedimentary
model of an alluvial plain, which involves a selective sedimentation of material from the foothills to the
outfall with gradual decrease in grain size. The resulting morphologicad ssrticat of a high plain
sector consisting of mainly gravelly conoids and of a medium and low plain sector chardutgwzed by
areas. It is characterized by sandy granulonstpessentand extinct(ancientyiverbeds andby
depresseihterfluvid areas (valleys) witi-clay texture.

Castaldini (1989) described thatdisposition of the ancient riverbeds of the right tribubd ties
Po, represented iRigure2.3, shows thatin the terminal stretch they travelbedallel to the Pfor a
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long part kefore flowing into it. Only the hydraulic regulation of the last three centuries has lost this
feature.

In the Pleistocene, after the emergence of the Po Valley, the PoGaastatiagdeveloped along
the line joining the currelocalities of Carpi, Nonantola &ah Giovanni in Persicetehich is a path
much further south than it is togé#yis trend islocumented by sediments of the tRat can be found
at depths greater than 100 m compared to the current campaign plan.

Around the first millennium b. @he Po forked between Brescello and Guastalla or east of
Casalmaggiore to give rise to a main branch (Po di Adria) and to one (Po di Spina) or more minc
branches suparallel to jtalong a strip limited to the south by the current localities of Poviglio,
Concordia sulla Secchia, Bondeno and Ferrara. Traces of these more southern courses are represer
for example, by the buried meanders found south of San Martino Spino.

For what t concerns the Apennine tributariesthe south of the Po it is possible to outline the
following palaeographic pictyfegqure2.3). The river Secchifrom the Apennine margin, reached
approximately in Cavezzo, with a more western route aparalilelt h a n  bre,daboygdhe
RubieraCarpi route which is characterized by an alignment of bumps.

Starting from Cavezzo, the Secchia took aeasttliretion and, touching the current villages of San
Felice sul Panaro, Finale Emilia, Casumaro and Vigaro Mainarda, entered the Po di Spina near Ferr
after receiving the waters of Panaro and of Reno.

The course of the Secchia in the AXllcentury a. D. weaimpounded in the area of Cittanova and it
came out more downstream with more courses that heade®owmrtstream of Cavezzbe Secchia
retraced the Roman route.this period, the Crostolo and Secchia streams converged, between Rolo
and Mirandolania single paletdver with outflow towards the east (corresponding to the current dowel
of the Gavello), which ended in the Po near Bondeno. A little further south of this there is another
longitudinal route, mainly made up of the Panaro and the Rewhebeitalso the paleo river of the
Secchia converged. These ancient streams probably meet the Po near Ferrara.

The Secchia, which in the upstream stretch corresponded roughly to the current route, abandoned tt
riverbed of Cavezzo, moving northwest tow@asMartino Spino and Bondekmy(re2.2 andFigure
24). In this localityit joined the Panaro, with which it headed north to maxg@onearFicarolo. In
the XIV-XV century a. D. the Secchia, at heigBtomicordiaturned north and before assuming today's
structurej.e. flowing into the Po to theest of Quingentale
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2 Castaldini, D., Raimondi, S. (1985). Geomorfologia dell'area di Pianura Padana compresa fra Cento, Finale
Emilia e S. Agostino. Atti della Societa dei Naturalisti e Matematici di Modena, 1161767
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2.3. Hydrologieaid hydrogeoldgatares of the Secchia river

The aquifers of théerritory under exam, being in th@iliancRomagnola part ohé Padarlan,
arecharacterized by three lewatigraphic Unit®s representedfigure2.5:

o Aquifer Group A, corresponding to the Upper ERRlienagna Synthem;

o Aquifer Group B, corresponding to the Lower EfRibanagna Synthem;

o Aquifer Group C, corresponding to the Marine QuategwgrgsSynthem.

These Units are separated by stratigraphic discontinuities, which have been caused by tector
activitiesAbove the base of the hyestratigraphic limits, there are clegity strata, tens of meters
thick,with a tabular (planar and patae |l ) geometry; their extension
those zone with a structural higher elevation. These strata act as permeabiligsbaguéesds or
aquicludesand make the three aquifer groups isolated hydraulically, rineveter flow remains
confined within its unit, except for those areas there occurs the direct recharging of aquifers.

For what it concerns the hyestratigraphic reconstruction made by the ERdmagna Region and
Eni-Agip, in particular the section 26, depictdegaore2.5, i tds cl erafoldsitaused & h e
severe thinning of the Uniig;fact thebase of the aquifer Unit A (in browrFigure2.5), where in the
surrounding areas reache8 2bof depth from the ground level, in correspondence of the axis of the
Ferrara folds, its depth is around8®@0m; likewise does the Unit B (in greeRigure2.5), which
stretches from a maximum depth of 450 m circa, to a minimumX3A&0of depth from the ground
level.

I n view of the above, i1itds clear that the su
with clayey or silty lithology, which are characterized by low permeability values. The aquifers are locat
in small lentiform formations, whiletie surroundings areas the flow of wiatextremely slow and
implies very long times.

Groundwater generally remains near the ground level, and it is strongly influenced by loca
phenomena, such as the presence of surface water (e.g. the Sectlyimnneryations and by the
permeability of the overlying land.

The seasonal excursions of the water level can be large: in particular, during the seasard characte
by intense rainy eventise height of the water table can rise in a very short tinhét, taoiches the
countryside level. For reservoirs near watercourses, similar phenomena are observed when the water s
rises within the riverbed.
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Figur@.5. Excerpt from thesthatigraphic SectionSoffce: website of Servizio geologico, Sismico e dei S
the Emill®omagna Region.

2.4, Geomorpholotgedlires the province of Modena and overview of the Secchia river

The province of Modena ertis from the Po plain, with a lowest height €f2ih a.s.|.downward
towards the northern Apennine chain, with eN&/Mirection. Its highest altitude is the Mount Cimone
(2165 m). Therefore, Modena is characterized by various morpholagmeteristics, from the
mountain environment, to hills (78&Q0 m) and reaching the lowlands of the right Po plain.

The area is crossed by different streams, which roughly follows the directiddESEW major
ones are the rivers Secchia and Paraloright tributaries of the Po river.

Concerning the geology of the area, it is widely heterogeneous, because of the tectonic stresses t
caused the formation of the Apennines. Starting from the source of the streams (i.e. top of the Apennin
chain),the outcroppindormationsare those of the Tuscan units, which consist mainly in sandstones
from medium to coarse texture, moderately pervious, anesithafigrmations. These gave rise to
morainic and detrital covers, with high permeability. The middle t of t he Modenad
characterized by the outcropping of the Ligurian Units, made of clay aolghalyich are overlaid
by sedimentary flysches of the early Cretaneddie Eocene, made of mdmgestones, which have
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very low permedhy. Over these rocks, are found formations that belong to the Epiligurian Units, which
were deposited at the end of the Apenronegeny they are mainly made of marls and calcareous
sandstones, formed from the Eocene to the Miocene; they are chedagyed high permeability,
caused by a high secondary porosity. In the hilly area, the marine sequence of the Apennine mar
outcrops, which is constituted of sands and clays in the lower part, formed during the Pliocene, and ¢
conglomerates of claytive upper part, formed between the Pliocene and the Pleistocene. Finally, in the
plain part and especially along the main water courses, deposits of gravel and sands are found, which
the alluvial fans created by the rivers Secchia and Panaro asrdaikestreams.

At first glance, the general slope trend of the territory, if artificial modifications are excluded, appear
substantially flat, with an almost constant slope and incisions due to the poorly marked draining networ
While, with a more deéeed examination of the morphology of the reliefs, it appears much more
articulated and in close correlation with payeloography, which has shaped the plain areas giving rise
to bumps and areas more depressed with appreciable gradients.

The forms of theerritory are essentially connected to the fluvial dynamics that have characterized the
watercourses in the last centuries, although the embankment has blocked its natural evolution, prevent
it from wandering freely. It seems quite clear that, il$kaae of human actions, the watercourses
would have abandoned their current path, developing a more rectilinear path.

It should however be noted that the morphology of the area is not evident and detectable on site
both for the small slopes and for thiemse anthropogenic action, aimed at modeling the ground. In
fact, over the centuries, the human community has made continuous changes to the territory to make
feasible for housing and agricultural purposes.

The identification of relief areas and eeggd areas is instead easier through the analysis of the
distribution of the granulometric classes of surface deposits; in particular, the identification of depresse
areas (valleys or interfluvial basins) is marked by the presence of fine andepgifind dese areas,
due to the impermeability of the soil, were wetland areas and only reclamation works have given it i
current appearance.

Of great interest can also be considereccthedsse spilgag the current riverbeds and along the
bumpscorresponding to ancient riverbeds, characterized by coarse granulometries, mainly sandy al
generally located on the concave shore of meanders, that is at the major energies of current. Moving av
from them we find increasingly finer sediments: witthosilinance, at the distal banks, and clayey in
interfluvial areas. This phenomenon is clearly highligitiediie?.6, which focuses on the area under
study, where both along the Secchia river course and where there should be an ancient riverbed, t
granulometry of the soil is coarse, i.e. mainly sandy; while it becomes more fine moving away from the
areas.

Focusing on the Secchia basin, itis characterd by r el i ef s nbaesi.imnfaceitn 2 06 C
starts to fl ow i n naséatthAdbprder althe p@®wincecof Reggio Emailta an?l 6 0
Massa Carrara. Secchia extends in length for 172 km, until reaching the cortfltleB®witer. The
basin of Secchia rivdtiqure2.7) has an af &ab7% bf this 8Wf&E is ik mountain
environment.



13

It has a high raimggime in the ridges, because of the presence of strong meteorological fronts causec
by the orographic position and by the proximity of the Ligure sea; whilst in the hills and in plain the rainy
regime is of small entity.

Mean precipitations have a bigrsgoing from 700 mm/year up to 2000 mm/year.

Intense weather events can happen all over the year, but the months characterized by the highe
incidence are those between September and November.

The superficial flow is not influenced by effectdfitif ationin the soil and by phreatic behavior of
rocky substrate, since the basin is almost impervious, as stated in the previous chapter.

The Secchia starts to flow in plain surface at Sassuolo, where it receives a tributary, the Tresina
stream. From her the Secchia follows a meandered course, until its confluence to the Po, near Mirasole

The hydrographic network is in continuous development, because the mountain part of the basin i
mostly characterized by clayey formations and loose depositsrewadily erodible. As consequence,
the whole basin is featured by a strong solid transport, which is the cause, as previously said, of t
everchanging morphology.

In its planar part, the river flows inside levees, and the bed is characterizednigy whtchi
progressively lowers its height.

A

N

a |
Kilometers|
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1. Gravel and sand amalgamatec 6. Sandy silt, fine and very fine sand, silty
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Figur@.6. Type of solls.
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3. Leves& role, compaents and mechanisms of failure

A levee is an either natural ridge or artificial fill that follows the stream of a river. It has three main
hydraulic functionso retain the water, reducing the risk of inundation of the external area; to channel
floodwaterdownstream; to control the did events with floodplains and detention basins.

A levee has many components; those shdwgure3.1 are the generic ones and covers the majority
of thecases.

Thefoundation saitssituated below the levee and interadtwitiey must be taken in consideration
when designing a levee, especially for their strength, permeability and texture, because they can affec
performances. They must sustia@weight of the levee and guarantee impermeability.

The eartill is the main volumetric component of a levee. It is composed of cohesive soil material,
generally availablesitu. It provides stability against water pressumiaimdize seepage.

Theimpermeable pareides for eventualefficiency of the earth fill. A possible alternative to the
impermeable core isiampermeable naskall over the levekheir aim is to produce a resistance against
water pressure and againfitiation; moreover, the impermeable mask prevents erosion problems.

Thecregs the top surface of the levee. Generaiyyflat and horizontait protects the core of the
levee from external agents (rain or possible overtopping of the water of the watbaet@mansiel) cause
erosion, and makes the levee accessible for maintenance or for recreational purposes.

The revetmengsesent over the both sides, the interface between the levee and the external
environmentThese revetments arften made of grass, asphalt of geotextiles, and provide protection
against erosion, caused by the current or by waves in the waterside, and by surface runoff or other age
in the landside.

Thebernis a flat zone below the crest, usually built indtersidelt helps to stabilize the levee by
flattening its side, by increasing the path of the seepage through the levee and by relieving the weight
a possible overtopping discharger the levee.

Thefilter layease zones made of permeable matewaich help water to filter downward, in order
to prevent soil displacement from thpenvious core to the eatfih.

Filters layers

Waterside Landside

Revetments

vy Waterlevel Discharge trench

—

Water-side berm_—=—= Landward berm

Natural
embankment Impermeable !
core _|_Toedrain system 1

Impermeable soil foundation I

Permmeable soil foundation

Figur&.1. Components of a levee.

When a levee is no more able to guaranteesign performance, it is in state of faifiree the
main purpose of a levee is the protection against floods, a levee system is defined failed for example wit
the landside has beftooded
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There are two types of failunen-structuralor hydrailic) failure and structural failure.

The hydraulic failure occurs when water is able toypardhe core of the levee and reach the
landside; it is caused by overtopping of the levee, overflow of byStipictgral failure is caused by a
breach occurtein the levee systeas the one occurred along the Secchia in theFafli43.3).

There are many ways in which a levee system can fail, as degegbexB. Apartfrom causes
derived fromhydraulic boundary conditiossich as flood events, there are three main causes that can
lead to a levee to failure or in the worst scenario, to breach:

0 Macreinstabilitywhen water infiltrates into the embankment body, dumtallrar to a high
level of the water body, the pore water pressside the levee increases. While the pore pressure
i ncreases, the effective stresses D&H decreas
instability because of the shear strength decreases. Thus, when along a plane shear stighses will be
than the shear resistance, instability occurs along that plane, causing failure. Besides, the higher weigt
the water inside the levee can contributegger the driving moment that will caustaimbty. This
phenomenon in described in (6% (D), (E) cases ifigure3.2.

0 Micro-instability it occurswhena phreatic surfacef@medfrom the free water surface of the
water course to a lower point in the landside of the Tdwaegradient of the phreatic surface identifies
the direction of the movement of water inside the levee, which in this case is able to overcome the she
resistancef the soil and causes the removal of particles from the core of the levee, which will exit from
in the landside. This removal is cause of instabégg. (F) ifigure3.2.

0 Internalerosion t s t he mechanism through wthanksh wa:
to existing cavities (e.g. animal burrows) or voids and removes soil particles. The soils characterized
this phenomenon, callpgingae generally permeable, poorly compacted and prone to erosion, with a
high void ratio and low density, such as silts, silty €asdgG) ifrigure3.2.

o External erosiacaused by wave damage or weather a
breach, but it can decrease the efficiency of theQages. (H) and)(in Figure3.2.
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Figur&.3. Breach of the right levee of the Secchia river, San Matteo (MO). Image from Protezione Ci

Aeroclub Marzaglia.

4 Schiereck, G. J. (1998). Fundamentals on water defenseSNWAkport.
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4. Characteristics and problems ofgheliedembankment

This chapter focuses on the morphologieatription of thetudiedembankmenand willpresent
the geognostic tests that has been performed along the embankment.

4.1. Morphology of the area

Thestudiedarealigure4.1), which is in the plain area of the province of Modelwgated between
the municipalities of Cavezzo (MO) and San Prospero (MO), and in particular it is the right embankmer
(hydrologicalight) of the SecchRiver. In the upstream part, the river flows in direct contact with the
levee, while going downstream @lh&onte Mottaa floodplain of variable extension, reaching 400 m
nearPonte Motta, separates the levee from the river course.

The enbankment has a height of 9 m wétbpect to the level of the ground f&xoch 4 to 5 m with
respect to the floodplain leviéhas slopes both slightly below 1:2, without pbaskkepicted Figure
4.2, representing a cross section of the embankhmenshape of the embankment, which is the result
of numerous and successive additions, has been found to be strictly related to the problems of wat
ponding after flood events, becahgedrainage of watkr the land sides difficult.

¥
= Ponte Motta

Modenfruit (S.PIA)

’

Figurd.1l. Geographical positiorstidiegirea. The red line indicates the cross sectiorfigtitiee following
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Figurd.2. Cross section of the levee of the Secchia river in Via Bozzala (MO). Measures in meters anc
height, from the DSM of the area.

An important feature ahis area is theresence of a buriedicient riverbed of the SecdRieer as
stated irSectior2.2 which detaches from the actual stream segment, going\ig ditéction This
ancient riverbed is thought to be the cause aettygagproblems in the area near the embankment,
when the hydrometric level rises and widtierugh piping, can reach the land side

4.2. Water pipimigiring 2014

The embankment has suffefiean waer pipingproblems in the last years, especially after flood
events. In particular, from December 2013 to March 2014, the Secchies nivetergona long
series of floods (

Figure4.3), alongwith the breach of part of an embankment near San Mattke 19' of January
2014
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Figurd.3. Hydrometric levels of Ponte Bacchello fromt2@0Z3(ARL4.



21

Concentratedeepagf@-igured.4) near the civic 10 of via Bozzala, in date 03/02/2014 has been also
detected. Thiseepageequired the tlding of an embankment made of sandidagaré4.5). The
geological investigations revetiiegiresence of burrow holewhich have been sealed

Figurd.5. Embankment made of sandbags, made in date 08/02/2014.

4.3. Geognogdtigestigations

After the breach of the embankment near San Matteo (MO) oft tifeJdBuary®14 and thevater
pipingoccurredas previously stated, the basin autha@li®p commissioned to Engeo Sdme tests
(CPTU, elecical tomography, triaxial tegtanulometric analysasid geophysical prospection with

5 Engeo srl Studio Geologico ed Idrogeologico (2014). Fiume Secchia: Lavori urgenti per il miglioramento delle
condizioni di stabilitd del corpo arginale nei confronti di fenomeni di filtl@@entgical and seismical repaio.
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refractionseismic methgdo understand theharacteristics of the embankment and therefore also the
natureof theseepagén Figure4.6 the performed tests and their posiaos preseetl
Figured.7 andFigure4.8 show respectively the longitudinal andribessections of the embankment;
the analysis stratigraphyevealed that the first 2 meters starting fronofieere composed of a mixture
of materials, from clay to gravels, with pebbles; the main body is mostly made of clayey or silty materi
with low permeability, but alwgesandylevelshavealsobeen dund, which can be preferential ways
for theseepagef water inside thembankmenibody. They vary ithicknessfrom few centimeters up
to3m
The foundation soil is mainly composed of material with low permeability, clayeysaitgl Isilty
even hex sandy lensean be foundwith mediurrhigh permeability, up to 6timck

b
L
/ B

! . hy |
[| 3 3 _".-_L A o . X
gty % i

o

Figurd.6. Geognostic tests performed along the embankment.
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From these test, and especially fragure4.8, is clear enough that the ancient riverbed is located
below the embankme@ectors whenereferentiajroundwater flow occur due to the relatively higher
permeability can be foumdCPTUL1 andCPTU4, where the sand soil is located around 13 m below the
crownof the embankment, which means from 2 to 5 m below the ground surface external to the bankec
area; and from CPTU 6 to S2 (continuous core drilling).

Therefore, the ancient riverbed is noguely identified, but it probalhanderinglt can howeer
be noted that ituns almosparallel to the embankment in seetiorfrom CPTUL to CPTU4.

4.4. Waterproofingiaéention

To prevenseepagprocessethat might lead tthe collapse of the embankmentyaterproof sheet
pile has been indtad,200 mlong and 12 m deefm stop water from filtering undand acrosthe
embankment. The planimetry of the project is shoWwigume4.9, and its cross section is shown in

Figure4.10

Figurd.9. Planimetry of the shelet yeléow the concrete mantle, in pingiléise ishaeinge the crown of the
embankment.
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Figurd.10 Sheet piles and embaalossetttion.

Howe\er, even after the bdihg of the waterproofing shegtes, when the water rises during flood
evens, and the floodplaigetsubmergedeepagstil occursn thelandside, and especially in the areas
between the houses and thedeas testified by the inhabitants.
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5. Experimental monitoring project

In this chaptetthe experimentahonitoring systemwill be described.
5.1. Objective of the project

After theinstallatiorof the sheet piles, and the securing of the part of embankment where these have
been put, it has been observed skapagproblemsstill remain, creating potential critical conditions.
The basinds auttastamulitpgramethicuneniial systend whith Hhasbeen located
immediately downstreamith respect to the sheet piles.

The objective of this monitoring system is to allow AlPo to control the intgustiialater
pressures, the humidity and th&placemennside the embankmengpecially during flood events.
Moreover, the acquired data pritigressively buitddatdbasehat will help AlPo to model the behavior
of the embankment during and after floatlewingto deal with emergency conditions; and to decide
whether consolitian measures are necessary.

Once theeffectivenessf this monitoring system will peoved it will be possible to extend it to
other critical points of the whole Po basin.

5.2.  Architecture of the project

The monitoring system consists in a hydromedtiorst{(ultrasaio hydrometer ULM20) installed at
Ponte Motta, downstreatime sectiorof the studiedembankment, and of a Wireless Sensor Network
(WSN) along the embankment. All the data acquired by the installed sensors are sent by the related
Point to he WMaster station installed at Ponte Motta through a wireless connection, and then to the
central of AIPo in Parma, where they will be available to the personnel.

Because of different boundary conditions, different geomorphological and geotechnical
charateristics, thetudiedembankment has been divided in three parts, as shBwnrgb.7, each
equipped with a Woint:

0 Upstream sectiomriver has a flooded bank;

o Median sectionthe part of the embankment where the sheet piles have been installed. The
floodplain has a latd extension of 80 meters;

o Downstrea®ction: area downstream respect to the part of the embankment stabilized with
the sheet piles. The floodplain has here a length of 200 meters. Here, during the past, hav
been observed important episodeseepage

The instruments installed are:

~

1 Casagrande piezometerP101 i t s an i nstrument used to m
depth where it has been installed. For each piezometer, it has been performed a perforation, with interr
diameter of 101 mm. The hole excavated was firstly cleaned with water tanmerpaxtcles. Then,
the Casagrande cell was put between two drains of 50 cm and 70, made of fine sand or gravel, respecti
put before and after the piezometer. Then, over the upper drain, a bentonite impermeable seal w:
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imposed. Finally, the hole viiled with cement and the opening closed with a manhole cover of cast
iron;

1 Humidity sensorSM150 it 6s a sensor able to measure
sensor has been put inside a previously made perforation of 101 mm of internalTharhete was
then filled with inert material, for 1 meter, and with cement mixture for the remaining thickness. The
wellhead was closed with a manhole cover made of cast iron. The installation scheme for the secti
consists in three humidity sensoitsgp@ meters of distance, and each at different (@eptine5.1);

1 Multiparametric chain: it consists in a set of different sensors, able to mekf$erent
parameters. The sensors to be installed in the set are selected according to the scope of the monitori
Since the monitoring systembs aim is to dete
parameters to be monitored are possiliterdations of the embankment, caused by flood events, the
temperature and the pore water pressure inside the embankment. The sensors used are:

o Inclinometer sensors Tilt Link HR;

0o Temperature sensor;

o0 Piezometer sensor Piezo Link.

The inclinometer and tempien@ sensors have been installed with a pitch of 1 meter, to detect each
possiblefailuresurface, while the piezometer was installed inside the sand deposit detected below th
embankment. The scheme of installation is represefRigdrieb.2.

U3a U3b U3c

Figur®.l1. Installation scheme of the humidity sensors.
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Figuré.2. Installation scheme of the multiparametric chain.

5.3. Upstream section

In the upstream section n.2 Casagrande piezometers, with removable pressure transducers, have b
installed:

1 Piezometer P1: installed inside a sandy silty deposit, ed¢vationof 17.28 m a.s.|.
corresponding to a depth of 16.5 m from the crown of the embankment;

1 Piezometer P2: installed inside a clayey soibkvatiorof 24.28m a.s.|.corresponding to a
depth of 9.5 m from the crown of the embankment.

The two pressureansducers send the measured data t@aiWstation (installed at 2 meters over
the surface of the embankmenihich powers the sensors and also send the received information to the
W-Master module placed in the hydrometric station of Ponte MottthEmee of installation is shown

in Figureb.3.
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Figur®.3. Installation scheme of the upstream section.

5.4. Median section

In the median section, it has been installed n.1 Casagrandetgie@B)eat 18.061 a.s.|.
corresponding to 15.5 m of depth from the crown of the embankment. In this section, the embankment
is mainly composed of clayey and silty soil, except for the first 2 meters, where the texture is mixet
Whereas, below the embkarent, two sankhyerscan be foundof 1 m and 4 m thick, respectively at a
depth of 10.5 m and 12 mom the cown of the embankment, which are believedp@senthe

ancient riverbed, and a prefereptihfor groundwatefiow.
Since this section is the one where the sheet piles have been installed, it has been decided to put

Casagrande piezometer at a lower depth (corresponding to a sand deposit), since, thanks to the sh
piles, no significapbrepressure shouttkvelogn thesectiorcharacterized by the waterproofing. The
installation scheme of the median section is shdwiguire5.4.
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Figur&.4. Installation scheme of the median section.

5.5. Downstream section

The downstream section, being the one still characterized by water filtering through the protectec

lowland, is the one that needs a complete and detailed characterization. In thinsgelidwing
instrument$ave been installed:

1 N.3 humidity sensof)1a, Ulb, Ulc), set at different depth inside the levee body, respectively
at-2 m,-4 m and6 m from the crown of the levee;

1 N.1 Casagrande piezometer P4, installed at a height afl 2483%orresponding to a depth of
9 m from the crown of theJee;

1 N.1 Multiparameter chain INP1, equipped with n.12 inclinometer sensors, n.10 temperature
sensors and one pressure transducardapthof 17 m from the levee summithe aim of the
inclinometer sensors is to detect deformations inside the levemlmsety by the pressure of water
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during flood events; the temperature sensors are installed together with the inclinometer ones, and &
useful to detect possible correlations between the water content itsigdibey and its temperature,
moreover tk temperature values alloveatibratghe inclinometer.

From the tomography done in the area in the 2014, it appeared that in this section the value o
resistivity of the soil are higher in the upper part of the levee (i.e. low saturation degtele;;reages
progressively as the depth increases (i.e. degree of saturation of the soil increases), until the soil is f
saturated, at the bottom of the embankment. Thus, the three humidity sensors have been positioned

the first 6 meters of the Es/body.
In Figure5.5 andFigureb.6 the scheme of instalta for theinstruments of thdownstream section

is presented
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Figur®.5. Installation scheme for the doseasi@amltiparametric chain INP1 and Casagrande piezomets
P4.
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6. Analysis of the piezomietdata

The pressurelatathat have been taken into consideration are tiatsenight beuseful tanterpret
remote sensing dagince theurveys have been performed in May 2017, July 2017 and April 2018, those
are the periagin which the analysis of the piezometers data will focus. Anyway, the eventual abundanct
of data will be useful to better understand the behavior of the groundwateditferent pericthan
those of the surveys.

From the high quality DTM obtained from the photogrammetric reconstruction, the absolute height
of the piezometers has been corrected with raspée CAEreport and he depth values of the
instrumentyiave been recorded agama correctelly the persanel of AlPo in date 10/4/2018:

0o Plislocated at 16.30a.s.|.at a depth of 16.84 m from the top of the embankment. It is situated
in a silty sand deposit;

o P2islocated at 23.56a.s.|.at a depthf®.79 m from the top of the embankment. It is situated
in clayey soil, characterized by low permeability;

o P3, which is in correspondence of the sheet piles, is located mt 4.8.2at a depth of 16 m
from the top of the embankment. It is situateal $and deposit, which is corresponding approximately
to the depth of the sheet piles;

0 P4islocated at 2319a.s.].at a depth of 9.38 m from the top of the embankment. It is situated
in a clayey deposit;

o0 INP1 is located at 17.05 a.s.|].at a depth 016.5 m from the top of the embankment. It is
situated in a sand deposit;

The pore pressure recordedthg piezometers, in kPa, have been converfeziometritheight
value thanks to the conversion factor supplied byahafacturemhich camlsobeobtained through
the formulad &3 , where z is the depth from the ground surffacei i s t he w@midre pr
the specific weight of watdte conversion Bdbeen done by multiplying th@re pressure value by
0.102 and adding to this the alsoheight of the instrument.

The hydrometric zero of Ponte Motta has been fixed a2 A B2.

The floodplain levels are different for the median and the downstream sethi®rustream
section shown irFigure6.5, the floodplain isnissing

1 Median section (P3): the floodplain is 90 m;wideoe othe leveés locatedt 293 m a.slin
the floodplainwhile in théandsideat 24 m a.s.[Eigureb6.6);

1 Downstream section (P4, INP1): the floodplain is more than 200 m wide; the toe ofithe levee
locatedat 29.3 m a.sl. in thedldplain, whileni the landsidat 23.8 nfFigure6.8).

In the present study, the moisture sensors installed in the embankment at different depths were nc
taken inb account.
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6.1. 2017data

From February to August 2017 significant flood eventave been recordeekcept for two peak
discharges, in February and in May, wek@&thedarely at 26/2T a.s.|.which is not sufficient to
reach the floodplain level in none of the sectidmisetheless, dm the trend of the data, shown
Figure6.1, it is possible to extrapolate some interesting observations.

Starting from tb upstream piezometers, P1 shothedcloserreaction to the imease of the
hydrometric level in May 2017 fact it increasddr hydrometridevelshigher than 22.5 m a.s.|

In period of minimum flow of the Secchia riweich as from the end of May 2017 to July, K117
showeda piezometritevelhigher than the hydrometric height of the river, meaning that the flow is
directed from the aquifer to the river, which is recharged by groundwater.

For what it concerns P2, which recordspttre pressurmside a clay soil inside theeebody, it
hasa decreasing trend from April 2017, and it¢d
Furthermore, even if the values from P2 are the highest, in terms of height, with respect to the othe
piezometers, it must be noted that P2 is the one widshadtitud€23.56 m a.s,lgnd itpore pressure
valueslecreastrom 10 kPa to 6 kPahich correspond tbm and t®.6 mof piezometric heighThe
presence gbore pressure nsi de t he c | a ytleyverpressures catsédsby et f e r a
events and that need long time to be dissipated, bedause he soi |l 6s | ow per me

The piezometer P3 had a poor response to the peak discharge of May 2017. FrurtiltiAagast
2017 it decreaséitl reaching values near to 40 kPa atrtie@tJuly 2017. A possible interpretation of
this trend could be that during relatively small peak discharges, the impermeable barrier acts correc
blocking most of the watseepage

P4 and INP1 have been installed near one another. While P4 nastdlt==hin a clayey soil, INP1
has been installed at higher depth, in a sand deposit. Since P4 most ofidisentitneecorded pore
pressure values, or if it has they were extremelyhaw not been considered in the analysis.

Conversely, INP1 shved a trend similar to P2, even i gituated, as previously stated, in a sand
deposit. Its missed response to the peak of May 2017 can have the following reason: the sand deposit
INP1 is isolated within the embankment, and in order for the wegackoit, they clayey soil must be
saturated first, which needs time andentgydrometric levels
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Figuré.1. Hydrometric level and pierditne 03/2017 to 07/2017.

In the above grapkigure6.l, it ds c¢cl ear that from
showed problems. The interpretation of the graph can be easilyceofpadngthe hydrograph of
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Ponte Motta with the hydrograph of Ponte Bacchello, which is situated few kilometers upstream. In fact

as showed ifigure6.2, the two hydrographs show the same height variation, along with a necessary

time delay due to the water travel time. Thus, the hydrometric level of Ponte Motta after the end of Ma:

2017 is inihe with the mean of the scattering values of July 2017, which are characteristics of a low flow
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Figuré.2. Hydrometric levélsrdaEe Motta and Ponte Bacchello.
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6.2. 201l18data

The Secchiiverhas been characterized by an important flood event during March 2018, with a peak
flood which arrived at nearly 30ams.lin thesectorof Ponte Motta. The flood started tme & of
March and lasted till the"28f March; during these days the hydrometric level was higher than 28 m
a.s.l. and for this reason the floodplain was flooded, causing the increase of pore pressure, registerec
all the piezometers, except for Réer this majorflood, three secondary flood evemtsurredn a
short span of time.

The hydrometric and piezometric levels are shdwgure6.3.

In particuar,levels irpiezometer P1 showdte same trend of the riyewen if thelevatiomeached
is not very significanthe maximum is 25.45 m a.s.l. on the 20/03/2IMe8 fact that P1 increase
simultaneously as the hydrometric level could mean that the aquifer is directly in contact with the riverbe
of the Secchia River, and at the same time it is able to dissipatewéppressureneaning that in
this sectionHigure6.5)t he gr oundwat er ¢ anThé dieaometra fevkel recorded n
by P1land thenydrometric level of Secchiadtreachedhe samailtitudeat approximly23 m a.s.l.,
on the 23/01/2018, 03/02/2018 and the 18/02/2018.

P2 has not been influenced by the flood of December 2017, but starting from the 30/12/17 it started
to increase its level, until a sudden rise gfateewatepressurereaching a maximuof 27.38n a.s.|
on the 21/03/2018lIn this occasion, the piezometric height of P2, initially at 24.6 m, started to increase
after only one day sinitee Secchia river invaded the floodplain

In the successive lower discharge peaks, in April 2018, P2 is slightly influenced, probably because
saturated soil had a f apdewatepresssrearteddodecteasmee. Fr
the floodplain was no more flooded

Concernig P3, it showed the more marked changgge#ometric heighaisincreased of 1 nffrom
21.6 m to 22.8 naluringthe flood event of December 20Whenthe floodplain remained flooded for
six daysffom 11/12/2017 to 17/12/2017and of almost 4 m duririge flood event of March 2018,
reaching2masl( 21/ 03/ 18) few days after the peak f|
sheet piles proved to bet effectiveduring the flood event of March 2018, while they blocked the
groundwater flow durg the flood of December 2017, which had a shorter duration.

P3 has showaresponse for hydrometric levels higher than 25.5 m (06/0320181/12/201Y.
From this itds possible to supposkgurdsB) ati ttdhse ne
directly connected to the actudrbed of the Secchia River. It can be supposed that the recharge of the
aquifer begins from the upstream sectindto saturate this part ofthen ci ent ri var bed
certain hydrometric levetrsisting fomanydaysto begin the groundwaterflow in the sandhyers
belonging to the ancient riverbed.

P4did not show significant pore water pressure changes

Finally, INP1 showed an inasing trenccaused byhe flood ofDecember 201@nd the two
successive peak flows on the 29/12/2017 and on the 04/02/2018.

During the flood of March 2018, the piezometric height of INP1 remained almost constant for the
first five days, from the 07/03/28 to the 12/03/2018. Starting from this day it had a marked increase,
























































































































































































































