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Sommario 

 

La tecnologia multispettrale viene ampiamente utilizzata da diversi decenni nella mappatura di zone 

con scarsa vigoria vegetativa. In particolare vengono valutate porzioni di coltivazioni più secche di quelle 

circostanti, e quindi con una minore rendita economica. Oppure aree estese in crisi idrica che possono 

rappresentare un pericolo, a causa di possibili incendi (Gong et al., 2006). 

Questa tesi nasce con lõintento di utilizzare questa stessa tecnologia, ma con lo scopo opposto: 

analizzare aree con una vigoria vegetativa maggiore, la quale può essere indicativa di disponibilità di acque 

sotterranee relativamente più elevata come conseguenza di fenomeni di filtrazioni. Il problema delle 

filtrazioni dõacqua in contesti naturali e costruiti è stato analizzato con diverse tecnologie, tecniche radar, 

geofoni, georadar, specialmente per determinare filtrazioni da tubature dõacqua. 

Ad esempio, Hadjimitsis et al. (2013) hanno studiato il problema delle filtrazioni dõacqua da tubature, 

sia attraverso la tecnologia iperspettrale, montata su pallone aerostatico, che quella multispettrale presente 

sui satelliti, e quindi con una bassa risoluzione, ottenendo risultati interessanti. 

In questo lavoro, invece, ci si propone di analizzare i fenomeni di filtrazione al di sotto o attraverso 

un corpo arginale, la cui causa dipende presumibilmente dalla presenza di un paleoalveo, che funge da 

via preferenziale per lõacqua quando il livello idrometrico cresce a seguito di eventi di piena. 

Lo studio viene affrontato da tre prospettive diverse: analisi di dati di pressione interstiziale dei pori 

lungo il tratto arginale registrata da piezometri installati in diverse posizione ed a differenti profondità, 

analisi di dati multispettrali di precisione acquisiti durante tre indagini (maggio e luglio 2017, aprile 2018) 

e di immagini multispettrali da satellite tramite indici vegetativi. 

I dati vengono quindi esaminati congiuntamente per ottenere una visione completa del fenomeno e 

per cercare correlazioni tra di essi. In particolare, è stata trovata una relazione tra zone con alti valori di 

indici vegetativi, tipici di una vegetazione vigorosa, e dunque di porzioni di suolo con maggiore contenuto 

idrico, con le pressioni interstiziali misurate dai piezometri a seguito di eventi di piena del fiume adiacente 

allõarea in esame. 
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Abstract 

 

Multispectral technology has been widely used for several decades in the mapping of areas with low 

vegetative vigor. In particular, the purpose is to detect drier crop areas which will have a lower economic 

yield, or to identify extended areas in water crisis that can be hazardous due 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 vigor, which can be indicative of the availability of higher 

groundwater content as a consequence of seepage phenomena. The problem of water seepage in natural 

and constructed contexts has been analyzed with different technologies, radar techniques, geophones, 

georadar, especially to determine seepages from water pipes. 

For example, Hadjimitsis et al. (2013) studied the problem of water seepage from pipes, both through 

hyperspectral technology, mounted on an aerostatic balloon, and the multispectral one present on 

satellites, and therefore with a low resolution, obtaining interesting results. 

In this work, instead, we propose to analyze the seepage phenomena below or through a levee, whose 

cause presumably depends on the presence of an ancient riverbed, which acts as a preferential path for 

water when the hydrometric level rises as consequence of flood events. 

The study is tackled by three different perspectives: analysis of pore pressure data along the 

embankment measured by piezometers in different positions and installed at different depths, analysis of 

multispectral precision data acquired during three surveys (May and July 2017, April 2018) and 

multispectral satellite images through Vegetation Indexes (VIs). 

The data are then examined jointly to obtain a complete view of the phenomenon and to find 

correlations between them. In particular, a relationship was found between areas with high values of 

vegetative indices, typical of vigorous vegetation, and therefore of portions of soil with higher moisture 

content, with the interstitial pressures measured by piezometers following flood events. 
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1. Introduction and Objective 

 

1.1. Introduction 

 

In the last decades, the increase of severe flood events has become a worldwide issue that must be 

face up to. A report of the EASAC (European Academiesõ Science Advisory Council) of the 2013, 

confirmed by its update of the 2018, showed up that flood events increased by the 300-400% from the 

1980, as stated in Figure 1.1. Floods and the other events related to the climate change have a severe 

impact of society, both in economic and social terms. This means that the society must adapt to this 

climate variability. 

 

 

Figure 1.1. Linear trends for different worldwide natural catastropyhy. 1980-2016.Source: Easac1. 

An important step of this adaptation should be the monitoring of the critical areas in the territory. 

This study in fact focuses on a possible monitoring procedure tested over the levee system of the Secchia 

river, which experienced a breach in the 2014 in San Matteo (MO), and in particular over a trait of a levee 

that has had water seepage issues. This monitoring procedure should consist in a periodical survey over 

the levees with a drone equipped with a multispectral camera, to detect area with possible seepage 

problems. Once detected the areas of interest, more detailed surveys should be performed and in situ 

monitoring system should be deployed. The traditional way of inspection consists in the direct visual 

examination of the levee by some designed officer, ideally on foot, who evaluates the quality of the grass 

cover, the presence of dead vegetation or absence of it, that could be related to erosion, seepage or animal 

                                                 
1 EASAC (2018). Trends in extreme weather events in Europe. Preparing for climate change adaptation: 

an update on EASACõs 2013 study. 
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burrows for example. This method requires a lot of time, thus the new approach proposed here would 

save personnel and time, that could be allocated to solve or 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 (Hadjimitsis et al 2013). 

 

 

1.2. Objective 

 

The data used in this study are part of a program carried out by AIPo (Agenzia Interregionale per il 

Fiume Po) in collaboration with Esplora, which consists in finding effective and time saving methods for 

the detection of problems in the embankments of the rivers included in the Po basin. 

Initially the multispectral survey was tested in different sectors of the embankments to detect possible 

animal burrows, which have been found to be the cause of the collapse of the embankment of the Secchia 

river at San Matteo (MO) in 2014 (DõAlpaos et al., 2014). The burrows should be identifiable by a òholeó 

in the Vegetation Indexes (VIs), caused by the animals (badger, porcupine and fox mainly) which remove 

the grass cover. 

This study, thus, using the multispectral surveys already available and integrating them with the data 

obtained by the piezometers and with the raw data from the satellite Sentinel 2, is aimed at: 

o Analyzing the multispectral images (MSIs) with different Vegetation Indexes (VIs) to detect areas 

with a higher vegetative vigor, as proxy of seepage path; 

o Analyzing the data from the piezometers installed along the embankment to understand the 

groundwater flow during flood events and during stable or low flow periods; 

o Search for a possible correlation between the increase of pore water pressure values in the 

piezometers and the values of the VIs. 
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2. General characteristics of the Secchia basin 

 

In this section, the geological, geomorphological and hydrological features of the studied area will be 

described, with a preliminary part focusing on the Po plain in general, on the history of the riverbeds and 

finally describing the province of Modena and in particular the area where the studied embankment is 

located. 

 

 

2.1. Geomorphological description of the Po plain 

 

The area considered belongs to the Apennine sector of the Po Valley. There, outcrop Holocenic 

alluvial deposits with granulometry varying from clay to sands and deposits of the rivers Reno, Panaro 

and Secchia.  

The area in question (Figure 2.1) falls to the center of the area characterized by the "Ferrara folds", 

that have affected both the distribution of deeper deposits and the hydrographic evolution in this area of 

the Po Valley.  

As it is known, the Ferrara folds are constituted by a series of fault folds which created a positive structure 

strongly raised in relation to the surrounding area. The Ferrara folds represent the continuation of the 

Apennine structures in the area of the Po plain. The thickness of the Plio-Quaternary marine deposits is 

very varied, being naturally conditioned by the geometry of the aforesaid structures. In particular, 

concerning the area under examination, their thickness has a depocenter in the area of San Giovanni in 

Persiceto (8500 m) in correspondence with the axial sector of the Bologna - Bomporto - Reggio Emilia. 

Proceeding to the north, the thickness gradually decreases up to 5500 m of Cento. 

Between Cento and S. Agostino, the Plio-Quaternary deposits are notably disturbed even by 

disjunctive and faulted structures; their thickness varies between 750 and 2500 m. In the area of S. 

Agostino, they reach locally a maximum thickness of 3500 m, which is reduced by proceeding towards 

the area of Finale Emilia (2500 m); beyond Finale Emilia there is once again a rather complex sector on 

whose axial culminations the power of the plio-quaternary sediments is reduced to only 250 m (Bondeno 

and Ferrara area). 

Proceeding from the northern extremity of the pede-apenninic conoids up to the height of the Cento 

- Crevalcore alignment, the continental deposits reach here the maximum thickness (about 400 m), with 

brackish or lagoon episodes; this area falls in correspondence with the Bologna - Bomporto - Reggio 

Emilia syncline. In this sector, there are frequent sands of both Apennine and Alpine origin (the latter 

more frequent at greater depths). Between the aforementioned alignment and that of Finale Emilia - 

Vigarano Mainarda, we have in the first 50 m rows and clays with low permeable levels consisting 

exclusively of silty sands of Apennine origin; at higher depths, more powerful and more granulometric 

sand levels appear, due to the natural digging of the Po River. 

To the north of the Finale Emilia - Vigarano Mainarda route one enters the lowland sector 

characterized almost exclusively by the Po floods, which constitute regular sedimentary bodies stretched 

in the W - E direction at least up to 100 m deep. 
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Figure 2.1. 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 of it, the 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 morphological structure is that of a high plain 

sector consisting of mainly gravelly conoids and of a medium and low plain sector characterized by higher 

areas. It is characterized by sandy granulometries at present and extinct (ancient) riverbeds and by 

depressed interfluvial areas (valleys) with silt-clay texture. 

Castaldini (1989) described that the disposition of the ancient riverbeds of the right tributaries of the 

Po, represented in Figure 2.3, shows that in the terminal stretch they travelled parallel to the Po for a 
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long part before 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 Po, east of Guastalla, developed along 

the line joining the current localities of Carpi, Nonantola and San Giovanni in Persiceto, which is a path 

much further south than it is today; this trend is documented by sediments of the Po, that can be found 

at depths greater than 100 m compared to the current campaign plan. 

Around the first millennium b. C. the 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 minor 

branches sub-parallel to it, along 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 represented, 

for example, by the buried meanders found south of San Martino Spino. 

For what it concerns the Apennine tributaries, to the south of the Po it is possible to outline the 

following palaeographic picture (Figure 2.3). The river Secchia, from the Apennine margin, reached 

approximately in Cavezzo, with a more western route and sub-parallel than todayõs one, along the 

Rubiera-Carpi route which is characterized by an alignment of bumps. 

Starting from Cavezzo, the Secchia took a west-east direction and, touching the current villages of San 

Felice sul Panaro, Finale Emilia, Casumaro and Vigaro Mainarda, entered the Po di Spina near Ferrara 

after receiving the waters of Panaro and of Reno. 

The course of the Secchia in the VIII-IX century a. D. was impounded in the area of Cittanova and it 

came out more downstream with more courses that headed north. Downstream of Cavezzo, the Secchia 

retraced the Roman route. In this period, the Crostolo and Secchia streams converged, between Rolo 

and Mirandola, in a single paleo-river 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 Reno, but where also 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 the 

riverbed of Cavezzo, moving northwest towards San Martino Spino and Bondeno (Figure 2.2 and Figure 

2.4). In this locality, it joined the Panaro, with which it headed north to merge into Po near Ficarolo. In 

the XIV-XV century a. D. the Secchia, at height of Concordia, turned north and before assuming today's 

structure, i.e. flowing into the Po to the west of Quingentole. 
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Figure 2.2. Excerpt of geomorphologic map of the Secchia river, taken from AiPoõs GeoPortale.  
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Figure 2.3. Ancient riverbeds chart of the rivers Po, Panaro, Reno and Secchia. Legend: 1) ancient riverbeds active before 

the VII century a.D.; 2) ancient riverbeds active between the VIII and the XII centuries a.D..; 3) ancient riverbeds 

active between the XII century a.D. and the XV century a.D.; 4) ancient riverbeds active after XVcentury a.D.; 5) 

main fluvial deviations with age indication; 6) main fluvial cut with age indications; 7) Panaro and Reno River alluvial 

fans; 8) Apennine hills formations2. 

 

 

 

 

 

                                                 
2 Castaldini, D., Raimondi, S. (1985). Geomorfologia dell'area di Pianura Padana compresa fra Cento, Finale 

Emilia e S. Agostino. Atti della Società dei Naturalisti e Matematici di Modena, 116: 147-176. 
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Figure 2.4. Geology and geomorphology of the studied area. It is highlighted the part of the embankment with seepage 

problems and the ancient riverbed (yellow triangles) detaching from it. Source: Engeo Technical report3. 

 

 

 

                                                 
3 Engeo srl Studio Geologico ed Idrogeologico (2014). Fiume Secchia: Lavori urgenti per il miglioramento delle 

condizioni di stabilità del corpo arginale nei confronti di fenomeni di filtrazione ð Geological and seismical report. AiPo. 
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2.3. Hydrological and hydrogeological features of the Secchia river 

 

The aquifers of the territory under exam, being in the Emiliano-Romagnola part of the Padan Plain, 

are characterized by three Idro-stratigraphic Units, as represented in Figure 2.5: 

o Aquifer Group A, corresponding to the Upper Emilia-Romagna Synthem; 

o Aquifer Group B, corresponding to the Lower Emilia-Romagna Synthem; 

o Aquifer Group C, corresponding to the Marine Quaternary Super-Synthem. 

These Units are separated by stratigraphic discontinuities, which have been caused by tectonic 

activities. Above the base of the hydro-stratigraphic limits, there are clayey-silty strata, tens of meters 

thick, with a tabular (planar and parallel) geometry; their extension is regional and itõs interrupted only in 

those zone with a structural higher elevation. These strata act as permeability barriers (as aquitards or 

aquicludes) and make the three aquifer groups isolated hydraulically, therefore water flow remains 

confined within its unit, except for those areas there occurs the direct recharging of aquifers. 

For what it concerns the hydro-stratigraphic reconstruction made by the Emilia-Romagna Region and 

Eni-Agip, in particular the section 26, depicted in Figure 2.5, itõs clear how the Ferrara folds caused a 

severe thinning of the Units; in fact, the base of the aquifer Unit A (in brown in Figure 2.5), where in the 

surrounding areas reaches 250 m of depth from the ground level, in correspondence of the axis of the 

Ferrara folds, its depth is around 70-80 m; likewise does the Unit B (in green in Figure 2.5), which 

stretches from a maximum depth of 450 m circa, to a minimum of 120-150 m of depth from the ground 

level. 

In view of the above, itõs clear that the subsoil of the area of interest consists mainly of fine deposits, 

with clayey or silty lithology, which are characterized by low permeability values. The aquifers are located 

in small lentiform formations, while in the surroundings areas the flow of water is extremely slow and 

implies very long times. 

Groundwater generally remains near the ground level, and it is strongly influenced by local 

phenomena, such as the presence of surface water (e.g. the Secchia river), by emungations and by the 

permeability of the overlying land. 

The seasonal excursions of the water level can be large: in particular, during the seasons characterized 

by intense rainy events, the height of the water table can rise in a very short time, until it touches the 

countryside level. For reservoirs near watercourses, similar phenomena are observed when the water level 

rises within the riverbed. 
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Figure 2.5. Excerpt from the idro-stratigraphic Section n.26. Source: website of Servizio geologico, Sismico e dei Suoli of 

the Emilia-Romagna Region. 

 

2.4. Geomorphological features of the province of Modena and overview of the Secchia river 

 

The province of Modena extends from the Po plain, with a lowest height of 10-12 m a.s.l., downward 

towards the northern Apennine chain, with a SW-NE direction. Its highest altitude is the Mount Cimone 

(2165 m). Therefore, Modena is characterized by various morphological characteristics, from the 

mountain environment, to hills (700-900 m) and reaching the lowlands of the right Po plain. 

The area is crossed by different streams, which roughly follows the direction SSW-NNE; the major 

ones are the rivers Secchia and Panaro, both right tributaries of the Po river. 

Concerning the geology of the area, it is widely heterogeneous, because of the tectonic stresses that 

caused the formation of the Apennines. Starting from the source of the streams (i.e. top of the Apennine 

chain), the outcropping formations are those of the Tuscan units, which consist mainly in sandstones 

from medium to coarse texture, moderately pervious, and marly-silty formations. These gave rise to 

morainic and detrital covers, with high permeability. The middle part of the Modenaõs Apennines is 

characterized by the outcropping of the Ligurian Units, made of clay and shaly-clay, which are overlaid 

by sedimentary flysches of the early Cretaceous-middle Eocene, made of marly-limestones, which have 
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very low permeability. Over these rocks, are found formations that belong to the Epiligurian Units, which 

were deposited at the end of the Apennines orogeny; they are mainly made of marls and calcareous 

sandstones, formed from the Eocene to the Miocene; they are characterized by a high permeability, 

caused by a high secondary porosity. In the hilly area, the marine sequence of the Apennine margin 

outcrops, which is constituted of sands and clays in the lower part, formed during the Pliocene, and of 

conglomerates of clay in the 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 are 

the alluvial fans created by the rivers Secchia and Panaro and other smaller streams. 

At first glance, the general slope trend of the territory, if artificial modifications are excluded, appears 

substantially flat, with an almost constant slope and incisions due to the poorly marked draining network. 

While, with a more detailed examination of the morphology of the reliefs, it appears much more 

articulated and in close correlation with paleo-hydrography, which has shaped the plain areas giving rise 

to bumps and areas more depressed with appreciable gradients. 

The forms of the territory are essentially connected to the fluvial dynamics that have characterized the 

watercourses in the last centuries, although the embankment has blocked its natural evolution, preventing 

it from wandering freely. It seems quite clear that, in the absence 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 the intense anthropogenic action, aimed at modeling the ground. In 

fact, over the centuries, the human community has made continuous changes to the territory to make it 

feasible for housing and agricultural purposes.  

The identification of relief areas and depressed areas is instead easier through the analysis of the 

distribution of the granulometric classes of surface deposits; in particular, the identification of depressed 

areas (valleys or interfluvial basins) is marked by the presence of fine and very fine deposits. These areas, 

due to the impermeability of the soil, were wetland areas and only reclamation works have given it its 

current appearance. 

Of great interest can also be considered the "crevasse splays" along the current riverbeds and along the 

bumps corresponding to ancient riverbeds, characterized by coarse granulometries, mainly sandy and 

generally located on the concave shore of meanders, that is at the major energies of current. Moving away 

from them we find increasingly finer sediments: with silt dominance, at the distal banks, and clayey in 

interfluvial areas. This phenomenon is clearly highlighted in Figure 2.6, which focuses on the area under 

study, where both along the Secchia river course and where there should be an ancient riverbed, the 

granulometry of the soil is coarse, i.e. mainly sandy; while it becomes more fine moving away from these 

areas. 

Focusing on the Secchia basin, it is characterized by reliefs between 2õ000 and 1õ000 m a.s.l., in fact it 

starts to flow in the Alpe di Succiso, at 2õ017 m a.s.l., at the border of the province of Reggio Emilia and 

Massa Carrara. Secchia extends in length for 172 km, until reaching the confluence with the Po river. The 

basin of Secchia river (Figure 2.7) has an area of 2õ090 km2; the 57% of this surface is in mountain 

environment.  
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It has a high rainy regime in the ridges, because of the presence of strong meteorological fronts caused 

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 big span, going from 700 mm/year up to 2000 mm/year. 

Intense weather events can happen all over the year, but the months characterized by the highest 

incidence are those between September and November. 

The superficial flow is not influenced by effects of infiltration in 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 Tresinaro 

stream. From here, 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 is 

mostly characterized by clayey formations and loose deposits, which are easily erodible. As consequence, 

the whole basin is featured by a strong solid transport, which is the cause, as previously said, of the 

everchanging morphology.  

In its planar part, the river flows inside levees, and the bed is characterized by notching, which 

progressively lowers its height.  
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Figure 2.6. Type of soils. 
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Figure 2.7. Secchia river and its tributaries. 
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3. Levees: role, components 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 functions: to retain the water, reducing the risk of inundation of the external area; to channel 

floodwater downstream; to control the flood events with floodplains and detention basins. 

A levee has many components; those shown in Figure 3.1 are the generic ones and covers the majority 

of the cases. 

The foundation soils are situated below the levee and interact with it. They must be taken in consideration 

when designing a levee, especially for their strength, permeability and texture, because they can affect its 

performances. They must sustain the weight of the levee and guarantee impermeability. 

The earth-fill is the main volumetric component of a levee. It is composed of cohesive soil material, 

generally available in-situ. It provides stability against water pressure and minimize seepage. 

The impermeable core provides for eventual inefficiency of the earth fill. A possible alternative to the 

impermeable core is an impermeable mask, put all over the levee. Their aim is to produce a resistance against 

water pressure and against infiltration; moreover, the impermeable mask prevents erosion problems. 

The crest is the top surface of the levee. Generally, it is flat and horizontal; it protects the core of the 

levee from external agents (rain or possible overtopping of the water of the watercourse) that could cause 

erosion, and makes the levee accessible for maintenance or for recreational purposes. 

The revetments, present over the both sides, are the interface between the levee and the external 

environment. These revetments are often 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 agents 

in the landside. 

The berm is a flat zone below the crest, usually built in the waterside. It helps to stabilize the levee by 

flattening its side, by increasing the path of the seepage through the levee and by relieving the weight of 

a possible overtopping discharge over the levee. 

The filter layers are zones made of permeable materials, which help water to filter downward, in order 

to prevent soil displacement from the impervious core to the earth-fill. 

 

Figure 3.1. Components of a levee. 

When a levee is no more able to guarantee the design performance, it is in state of failure. Since the 

main purpose of a levee is the protection against floods, a levee system is defined failed for example when 

the landside has been flooded.  
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There are two types of failure: non-structural (or hydraulic) failure and structural failure.  

The hydraulic failure occurs when water is able to pass over the core of the levee and reach the 

landside; it is caused by overtopping of the levee, overflow of by piping. Structural failure is caused by a 

breach occurred in the levee system, as the one occurred along the Secchia in the 2014 (Figure 3.3). 

 

There are many ways in which a levee system can fail, as described in Figure 3.2. Apart from causes 

derived from hydraulic boundary conditions, such as flood events, there are three main causes that can 

lead to a levee to failure or in the worst scenario, to breach: 

o Macro-instability: when water infiltrates into the embankment body, due to rainfall or to a high 

level of the water body, the pore water pressure inside the levee increases. While the pore pressure 

increases, the effective stresses Ǳõ decrease, according to Terzaghiõs law. The decrease of Ǳõ causes 

instability because of the shear strength decreases. Thus, when along a plane shear stresses will be higher 

than the shear resistance, instability occurs along that plane, causing failure. Besides, the higher weight of 

the water inside the levee can contribute to trigger the driving moment that will cause instability. This 

phenomenon in described in the (C), (D), (E) cases in Figure 3.2. 

o Micro-instability: it occurs when a phreatic surface is formed from the free water surface of the 

water course to a lower point in the landside of the levee. The gradient of the phreatic surface identifies 

the direction of the movement of water inside the levee, which in this case is able to overcome the shear 

resistance of 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 instability. Case (F) in Figure 3.2. 

o Internal erosion: itõs the mechanism through which water passes through the levee body thanks 

to existing cavities (e.g. animal burrows) or voids and removes soil particles. The soils characterized by 

this phenomenon, called piping, are generally permeable, poorly compacted and prone to erosion, with a 

high void ratio and low density, such as silts, silty sands. Case (G) in Figure 3.2. 

o External erosion: caused by wave damage or weather agents. Generally, it doesnõt result in a 

breach, but it can decrease the efficiency of the levee. Cases (H) and (I) in Figure 3.2. 
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Figure 3.2. Main failure modes. Source: Schierek (1998), TAW report4. 

 

 

Figure 3.3. Breach of the right levee of the Secchia river, San Matteo (MO). Image from Protezione Civile Modena - 

Aeroclub Marzaglia. 

  

                                                 
4 Schiereck, G. J. (1998). Fundamentals on water defenses. TAW-ENW report. 
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4. Characteristics and problems of the studied embankment 

 

This chapter focuses on the morphological description of the studied embankment and will present 

the geognostic tests that has been performed along the embankment. 

 

4.1. Morphology of the area 

 

The studied area (Figure 4.1), which is in the plain area of the province of Modena, is located between 

the municipalities of Cavezzo (MO) and San Prospero (MO), and in particular it is the right embankment 

(hydrological right) of the Secchia River. In the upstream part, the river flows in direct contact with the 

levee, while going downstream and till Ponte Motta, a floodplain of variable extension, reaching 400 m 

near Ponte Motta, separates the levee from the river course. 

The embankment has a height of 9 m with respect to the level of the ground and from 4 to 5 m with 

respect to the floodplain level, it has slopes both slightly below 1:2, without banks, as depicted in Figure 

4.2, representing a cross section of the embankment. The shape of the embankment, which is the result 

of numerous and successive additions, has been found to be strictly related to the problems of water 

ponding after flood events, because the drainage of water to the land side is difficult.  

 

Figure 4.1. Geographical position of the studied area. The red line indicates the cross section of the following figure. 
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Figure 4.2. Cross section of the levee of the Secchia river in Via Bozzala (MO). Measures in meters and m a.s.l. for the 

height, from the DSM of the area. 

An important feature of this area is the presence of a buried ancient riverbed of the Secchia River, as 

stated in Section 2.2, which detaches from the actual stream segment, going in a N-NE direction. This 

ancient riverbed is thought to be the cause of the seepage problems in the area near the embankment, 

when the hydrometric level rises and water, through piping, can reach the land side.  

 

 

4.2. Water piping during 2014 

 

The embankment has suffered from water piping problems in the last years, especially after flood 

events. In particular, from December 2013 to March 2014, the Secchia river has undergone a long 

series of floods ( 

Figure 4.3), along with the breach of part of an embankment near San Matteo on the 19th of January 

2014.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Hydrometric levels of Ponte Bacchello from 20/12/2013 to 20/03/2014. 
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Concentrated seepage (Figure 4.4) near the civic 10 of via Bozzala, in date 03/02/2014 has been also 

detected. This seepage required the building of an embankment made of sandbags (Figure 4.5). The 

geological investigations revealed the presence of burrow holes5, which have been sealed. 

 

 

Figure 4.4. Concentrated seepage near the civic 10 of Bozzala street. 

 

 

Figure 4.5. Embankment made of sandbags, made in date 08/02/2014. 

 

4.3. Geognostic Investigations 

 

After the breach of the embankment near San Matteo (MO) on the 19th of January 2014 and the water 

piping occurred as previously stated, the basin authority AIPo commissioned to Engeo Srl some tests 

(CPTU, electrical tomography, triaxial test, granulometric analysis and geophysical prospection with 

                                                 
5 Engeo srl Studio Geologico ed Idrogeologico (2014). Fiume Secchia: Lavori urgenti per il miglioramento delle 

condizioni di stabilità del corpo arginale nei confronti di fenomeni di filtrazione ð Geological and seismical report. AiPo. 
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refraction seismic method) to understand the characteristics of the embankment and therefore also the 

nature of the seepage. In Figure 4.6 the performed tests and their position are presented. 

Figure 4.7 and Figure 4.8 show respectively the longitudinal and the cross sections of the embankment; 

the analysis of stratigraphy revealed that the first 2 meters starting from the top are composed of a mixture 

of materials, from clay to gravels, with pebbles; the main body is mostly made of clayey or silty material, 

with low permeability, but also large sandy levels have also been found, which can be preferential ways 

for the seepage of water inside the embankment body. They vary in thickness, from few centimeters up 

to 3 m. 

The foundation soil is mainly composed of material with low permeability, clayey and silty soils, but 

even here sandy lenses can be found, with medium-high permeability, up to 6 m thick. 

 

 

Figure 4.6. Geognostic tests performed along the embankment. 
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Figure 4.7. Lithological and hydrogeological section A-Aõ (longitudinal section). Scale factor 1:2õ000. 
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Figure 4.8. Lithological and hydrogeological section B-Bõ (cross-section). Scale factor 1:200. 
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From these test, and especially from Figure 4.8, is clear enough that the ancient riverbed is located 

below the embankment. Sectors where preferential groundwater flow occur due to the relatively higher 

permeability can be found in CPTU1 and CPTU4, where the sand soil is located around 13 m below the 

crown of the embankment, which means from 2 to 5 m below the ground surface external to the banked 

area; and from CPTU 6 to S2 (continuous core drilling). 

Therefore, the ancient riverbed is not uniquely identified, but it probably wandering. It can however 

be noted that it runs almost parallel to the embankment in the section from CPTU1 to CPTU4. 

 

 

4.4. Waterproofing intervention 

 

To prevent seepage processes that might lead to the collapse of the embankment, a waterproof sheet 

pile has been installed, 200 m long and 12 m deep, to stop water from filtering under and across the 

embankment. The planimetry of the project is shown in Figure 4.9, and its cross section is shown in 

Figure 4.10. 

 

 

Figure 4.9. Planimetry of the sheet pile. In yellow the concrete mantle, in pink the sheet piles, in orange the crown of the 

embankment. 
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Figure 4.10. Sheet piles and embankment cross-section.  

However, even after the building of the waterproofing sheet piles, when the water rises during flood 

events, and the floodplain get submerged, seepage still occurs in the land side, and especially in the areas 

between the houses and the levee, as testified by the inhabitants. 
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5. Experimental monitoring project 

 

In this chapter, the experimental monitoring system will be described. 

 

5.1. Objective of the project 

 

After the installation of the sheet piles, and the securing of the part of embankment where these have 

been put, it has been observed that seepage problems still remain, creating potential critical conditions. 

The basinõs authority thus decided to test a multiparametric monitoring system, which has been located 

immediately downstream with respect to the sheet piles. 

The objective of this monitoring system is to allow AIPo to control the interstitial pore water 

pressures, the humidity and the displacement inside the embankment, especially during flood events. 

Moreover, the acquired data will progressively build a data base that will help AIPo to model the behavior 

of the embankment during and after floods, allowing to deal with emergency conditions; and to decide 

whether consolidation measures are necessary.  

Once the effectiveness of this monitoring system will be proved, 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 hydrometric station (ultrasonic hydrometer ULM20) installed at 

Ponte Motta, downstream the section of the studied embankment, and of a Wireless Sensor Network 

(WSN) along the embankment. All the data acquired by the installed sensors are sent by the related W-

Point to the W-Master 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 

characteristics, the studied embankment has been divided in three parts, as shown in Figure 5.7, each 

equipped with a W-Point: 

o Upstream section: the river has a flooded bank; 

o Median section: in the part of the embankment where the sheet piles have been installed. The 

floodplain has a lateral extension of 80 meters; 

o Downstream section: 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, have 

been observed important episodes of seepage. 

The instruments installed are: 

¶ Casagrande piezometer P101: itõs an instrument used to measure the pore water pressure at the 

depth where it has been installed. For each piezometer, it has been performed a perforation, with internal 

diameter of 101 mm. The hole excavated was firstly cleaned with water to remove fine particles. Then, 

the Casagrande cell was put between two drains of 50 cm and 70, made of fine sand or gravel, respectively 

put before and after the piezometer. Then, over the upper drain, a bentonite impermeable seal was 



28 
 

imposed. Finally, the hole was filled with cement and the opening closed with a manhole cover of cast 

iron; 

¶ Humidity sensor SM150: itõs a sensor able to measure the water content inside the soil. Each 

sensor has been put inside a previously made perforation of 101 mm of internal diameter. The hole 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 section 

consists in three humidity sensors put at 2 meters of distance, and each at different depth (Figure 5.1); 

¶ Multiparametric chain: it consists in a set of different sensors, able to measure different 

parameters. The sensors to be installed in the set are selected according to the scope of the monitoring. 

Since the monitoring systemõs aim is to detect possible causes of collapse of the embankment, the 

parameters to be monitored are possible deformations 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; 

o Temperature sensor; 

o Piezometer sensor Piezo Link. 

The inclinometer and temperature sensors have been installed with a pitch of 1 meter, to detect each 

possible failure surface, while the piezometer was installed inside the sand deposit detected below the 

embankment. The scheme of installation is represented in Figure 5.2. 

 

Figure 5.1. Installation scheme of the humidity sensors. 
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Figure 5.2. Installation scheme of the multiparametric chain. 

 

 

5.3. Upstream section 

 

In the upstream section n.2 Casagrande piezometers, with removable pressure transducers, have been 

installed: 

¶ Piezometer P1: installed inside a sandy silty deposit, at an elevation of 17.28 m a.s.l., 

corresponding to a depth of 16.5 m from the crown of the embankment; 

¶ Piezometer P2: installed inside a clayey soil at an elevation of 24.28 m a.s.l., corresponding to a 

depth of 9.5 m from the crown of the embankment. 

The two pressure transducers send the measured data to a W-Point station (installed at 2 meters over 

the surface of the embankment), which powers the sensors and also send the received information to the 

W-Master module placed in the hydrometric station of Ponte Motta. The scheme of installation is shown 

in Figure 5.3. 
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Figure 5.3. Installation scheme of the upstream section. 

 

5.4. Median section 

 

In the median section, it has been installed n.1 Casagrande piezometer (P3), at 18.05 m a.s.l., 

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 mixed. 

Whereas, below the embankment, two sand layers can be found, of 1 m and 4 m thick, respectively at a 

depth of 10.5 m and 12 m from the crown of the embankment, which are believed to represent the 

ancient riverbed, and a preferential path for groundwater flow. 

Since this section is the one where the sheet piles have been installed, it has been decided to put the 

Casagrande piezometer at a lower depth (corresponding to a sand deposit), since, thanks to the sheet 

piles, no significant pore pressure should develop in the section characterized by the waterproofing. The 

installation scheme of the median section is shown in Figure 5.4. 
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Figure 5.4. Installation scheme of the median section. 

 

 

5.5. Downstream section 

 

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

lowland, is the one that needs a complete and detailed characterization. In the specific, the following 

instruments have been installed: 

¶ N.3 humidity sensors (U1a, U1b, U1c), set at different depth inside the levee body, respectively 

at -2 m, -4 m and -6 m from the crown of the levee; 

¶ N.1 Casagrande piezometer P4, installed at a height of 24.55 m a.s.l., corresponding to a depth of 

9 m from the crown of the levee; 

¶ N.1 Multi-parameter chain INP1, equipped with n.12 inclinometer sensors, n.10 temperature 

sensors and one pressure transducer at a depth of 17 m from the levee summit. The aim of the 

inclinometer sensors is to detect deformations inside the levee body caused by the pressure of water 
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during flood events; the temperature sensors are installed together with the inclinometer ones, and are 

useful to detect possible correlations between the water content inside the levee body and its temperature, 

moreover the temperature values allow to calibrate the inclinometer.  

From the tomography done in the area in the 2014, it appeared that in this section the value of 

resistivity of the soil are higher in the upper part of the levee (i.e. low saturation degree), while it decreases 

progressively as the depth increases (i.e. degree of saturation of the soil increases), until the soil is fully 

saturated, at the bottom of the embankment. Thus, the three humidity sensors have been positioned in 

the first 6 meters of the levee body. 

In Figure 5.5 and Figure 5.6 the scheme of installation for the instruments of the downstream section 

is presented. 

 

 

Figure 5.5. Installation scheme for the downstream section ð multiparametric chain INP1 and Casagrande piezometer 

P4. 
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Figure 5.6. Installation scheme for the downstream section ð humidity sensors U1a, U1b, U1c. 
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Figure 5.7. Disposition of the three sections of the monitoring network. 
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6. Analysis of the piezometric data 

 

The pressure data that have been taken into consideration are those that might be useful to interpret 

remote sensing data. Since the surveys have been performed in May 2017, July 2017 and April 2018, those 

are the periods in which the analysis of the piezometers data will focus. Anyway, the eventual abundance 

of data will be useful to better understand the behavior of the groundwater flow in different periods than 

those of the surveys. 

From the high quality DTM obtained from the photogrammetric reconstruction, the absolute height 

of the piezometers has been corrected with respect to the CAE report, and the depth values of the 

instruments have been recorded again and corrected by the personnel of AIPo in date 10/4/2018: 

o P1 is located at 16.39 m a.s.l., at a depth of 16.84 m from the top of the embankment. It is situated 

in a silty sand deposit; 

o P2 is located at 23.56 m a.s.l., at a depth of 9.79 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 at 17.23 m a.s.l., at a depth of 16 m 

from the top of the embankment. It is situated in a sand deposit, which is corresponding approximately 

to the depth of the sheet piles; 

o P4 is located at 23.9 m a.s.l., at a depth of 9.38 m from the top of the embankment. It is situated 

in a clayey deposit; 

o INP1 is located at 17.05 m a.s.l., at a depth of 16.5 m from the top of the embankment. It is 

situated in a sand deposit; 

The pore pressure recorded by the piezometers, in kPa, have been converted in piezometric height 

value thanks to the conversion factor supplied by the manufacturer, which can also be obtained through 

the formula ό ᾀϽ‎ , where z is the depth from the ground surface, u is the pore pressure and ǡW is 

the specific weight of water. The conversion has been done by multiplying the pore pressure value by 

0.102 and adding to this the absolute height of the instrument. 

The hydrometric zero of Ponte Motta has been fixed at 21.12 m a.s.l. 

The floodplain levels are different for the median and the downstream section (in the upstream 

section, shown in Figure 6.5, the floodplain is missing) 

¶ Median section (P3): the floodplain is 90 m wide; the toe of the levee is located at 29.3 m a.sl. in 

the floodplain, while in the landside at 24 m a.s.l. (Figure 6.6); 

¶ Downstream section (P4, INP1): the floodplain is more than 200 m wide; the toe of the levee is 

located at 29.3 m a.sl. in the floodplain, while in the landside at 23.8 m (Figure 6.8). 

In the present study, the moisture sensors installed in the embankment at different depths were not 

taken into account. 
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6.1. 2017 data 

 

From February to August 2017 no significant flood events have been recorded, except for two peak 

discharges, in February and in May, which reached barely at 26/27 m a.s.l., which is not sufficient to 

reach the floodplain level in none of the sections. Nonetheless, from the trend of the data, shown in 

Figure 6.1, it is possible to extrapolate some interesting observations.  

Starting from the upstream piezometers, P1 showed the closer reaction to the increase of the 

hydrometric level in May 2017, in fact it increased for hydrometric levels higher than 22.5 m a.s.l. 

In period of minimum flow of the Secchia river, such as from the end of May 2017 to July 2017, P1 

showed a piezometric level higher 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 records the pore pressure inside a clay soil inside the levee body, it 

has a decreasing trend from April 2017, and itõs not influenced by the peak discharge of May 2017. 

Furthermore, even if the values from P2 are the highest, in terms of height, with respect to the other 

piezometers, it must be noted that P2 is the one with highest altitude (23.56 m a.s.l.), and its pore pressure 

values decrease from 10 kPa to 6 kPa, which correspond to 1 m and to 0.6 m of piezometric height. The 

presence of pore pressure inside the clayey soil itõs referable to the overpressures caused by past flow 

events and that need long time to be dissipated, because of the soilõs low permeability. 

The piezometer P3 had a poor response to the peak discharge of May 2017. From this point till August 

2017 it decreased till reaching values near to 40 kPa at the end of July 2017. A possible interpretation of 

this trend could be that during relatively small peak discharges, the impermeable barrier acts correctly, 

blocking most of the water seepage.  

P4 and INP1 have been installed near one another. While P4 has been installed in a clayey soil, INP1 

has been installed at higher depth, in a sand deposit. Since P4 most of the time has not recorded pore 

pressure values, or if it has they were extremely low, it has not been considered in the analysis. 

Conversely, INP1 showed a trend similar to P2, even if it is situated, as previously stated, in a sand 

deposit. Its missed response to the peak of May 2017 can have the following reason: the sand deposit of 

INP1 is isolated within the embankment, and in order for the water to reach it, they clayey soil must be 

saturated first, which needs time and higher hydrometric levels. 
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Figure 6.1. Hydrometric level and piezometric level from 03/2017 to 07/2017. 

 

In the above graph, Figure 6.1, itõs clear that from the end of May 2017 and onwards the hydrometer 

showed problems. The interpretation of the graph can be easily solved, comparing the hydrograph of 

Ponte Motta with the hydrograph of Ponte Bacchello, which is situated few kilometers upstream. In fact, 

as showed in Figure 6.2, 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 May 

2017 is in line with the mean of the scattering values of July 2017, which are characteristics of a low flow. 

The hydrometric zero of Ponte Bacchello has been fixed at 23.45 m.a.sl. 

 

 

Figure 6.2. Hydrometric levels of Ponte Motta and Ponte Bacchello. 
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6.2. 2018 data 

 

The Secchia River has been characterized by an important flood event during March 2018, with a peak 

flood which arrived at nearly 30 m a.s.l. in the sector of Ponte Motta. The flood started on the 8th of 

March and lasted till the 23rd of 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, registered by 

all the piezometers, except for P4. After this major flood, three secondary flood events occurred in a 

short span of time. 

The hydrometric and piezometric levels are shown in Figure 6.3. 

In particular, levels in piezometer P1 showed the same trend of the river, even if the elevation reached 

is not very significant: the maximum is 25.45 m a.s.l. on the 20/03/2018. The fact that P1 increases 

simultaneously as the hydrometric level could mean that the aquifer is directly in contact with the riverbed 

of the Secchia River, and at the same time it is able to dissipate the pore water pressure, meaning that in 

this section (Figure 6.5) the groundwater can flow and itõs not confined. The piezometric level recorded 

by P1 and the hydrometric level of Secchia River reached the same altitude at approximately 23 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 of the pore water pressure, reaching a maximum of 27.38 m a.s.l 

on the 21/03/2018. In this occasion, the piezometric height of P2, initially at 24.6 m, started to increase 

after only one day since the Secchia river invaded the floodplain  

In the successive lower discharge peaks, in April 2018, P2 is slightly influenced, probably because the 

saturated soil had a faster response time. From 4/4/18 P2õs pore water pressure started to decrease, since 

the floodplain was no more flooded. 

Concerning P3, it showed the more marked changes: its piezometric height has increased of 1 m, from 

21.6 m to 22.8 m, during the flood event of December 2017, when the floodplain remained flooded for 

six days (from 11/12/2017 to 17/12/2017) and of almost 4 m during the flood event of March 2018, 

reaching 27 m a.s.l. (21/03/18) few days after the peak flow of 29.77 m (13/03/18). Itõs clear how the 

sheet piles proved to be not effective during the flood event of March 2018, while they blocked the 

groundwater flow during the flood of December 2017, which had a shorter duration.  

P3 has shown a response for hydrometric levels higher than 25.5 m (06/03/2018 and 11/12/2017). 

From this itõs possible to suppose that the ancient riverbed in the median section (Figure 6.6) itõs not 

directly connected to the actual riverbed of the Secchia River. It can be supposed that the recharge of the 

aquifer begins from the upstream section, and to saturate this part of the ancient riverbed itõs needed a 

certain hydrometric level persisting for many days to begin the groundwater to flow in the sand layers 

belonging to the ancient riverbed.  

P4 did not show significant pore water pressure changes. 

Finally, INP1 showed an increasing trend caused by the flood of December 2017, and 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 07/03/2018 to the 12/03/2018. Starting from this day it had a marked increase, 
















































































































































