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Abstract 

The conformation of the Italian territory with its geological, morphological and 

hydrographic features make it strongly predisposed to instability events such as 

landslide and floods (Triglia & Iadanza, 2015). 

However, only in the last years, the awareness that the intervention after the 

occurring of events is not enough, has grown up in Italy together with the   

consideration that prevention is a fundamental step for the safeguard of the 

territory.Hydrogeological instability is a form of environmental degradation 

relating to the soil or the superficial rock layers, produced by the action of waters 

flowing on the surface and in the rock/soil discontinuities. The most common 

instability phenomena are landslides and floods, which are concentrated in 

geologically young territories, or made of not very consistent sedimentary rocks, 

often bare or covered with insufficient vegetation. These conditions characterize 

several areas of the Italian territory, located above all along the Apennine ridge and 

in the pre-Alpine belt. 

In the Central Apennine ridge, the Umbria-Marche Stratigraphic Succession 

outcrops extensively. The most external part involves the Ancona coastal cliff 

(Marche Region), which is composed of sedimentary rocks, of which the public 

beaches of the Conero Riviera between Ancona and Portonovo are constituted. 

Intense rainfall and occasional earthquakes characterize this site. Moreover, several 

large-scale landslide events were experienced, from Portonovo’s 14th-century 

landslide to Ancona’s more recent 1982 landslide, in addition to more recent rock 

slope instability events, which caused significant damage to the buildings, but most 

important to the human health. 

This thesis aims at defining the main failure mechanisms of the rocky coastal cliff 

located in the Passetto area (Ancona), especially assessing the role of the secondary 
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permeability on the rock slope instabilities. To this aim, an insight through the 

infiltration process into the soil and the characteristics of the fracture system present 

in the site have been performed. Detailed analysis of the fracturing system has been 

conducted using the scanline method and the Discrete Fracture Network Modelling.  

The entire study was possible with a multi-level approach in which tracer 

hydrology, geomechanics and geochemistry are involved. In particular, the 

cumulative rainfall data have been analysed coupling this information with the rock 

fall phenomena (documented in the area). The infiltration rate of the topsoil has been 

evaluated using a double ring infiltrometer test, coupled with tracer test to 

understand the role of fracturing on water infiltration in the rock mass. Finally, these 

results were integrated with a conductivity analysis of the water in the area to assess 

the interaction between the rock matrix and the water. 

From the obtained results, the importance of carrying out a study with more than 

one point of view and involving different fields of science has been stressed, even 

by assessing the role and the benefits that this approach can play both in the 

prevention of hydrogeological hazard and  the environmental monitoring. 

Riassunto 

La conformazione del territorio italiano con le sue caratteristiche geologiche, 

morfologiche e idrografiche lo rendono fortemente predisposto al rischio 

idrogeologico, come frane e alluvioni (Triglia & Iadanza, 2015). 

Tuttavia, solo negli ultimi anni in Italia è cresciuta la consapevolezza che intervenire 

dopo che gli eventi sono accaduti non è sufficiente e che la prevenzione è un passo 

fondamentale per la salvaguardia del territorio. 

Il dissesto idrogeologico è una forma di degrado ambientale, relativo al suolo o agli 

strati rocciosi superficiali, prodotto dall'azione delle acque che scorrono in 
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superficie. I fenomeni di instabilità più comuni sono le frane e le alluvioni, che si 

concentrano in territori geologicamente giovani, oppure costituiti da rocce 

sedimentarie poco consistenti, spesso spoglie o ricoperte da vegetazione 

insufficiente. Queste condizioni caratterizzano diverse aree del territorio italiano, 

poste soprattutto lungo la dorsale appenninica e nella fascia prealpina. 

Nella dorsale appenninica centrale affiora estensivamente la Successione 

Stratigrafica Umbro-Marchigiana. Nella parte più esterna possiamo trovare la 

Falesia di Ancona (Regione Marche), che è composta da rocce sedimentarie, di cui 

sono costituite le spiagge libere della Riviera del Conero tra Ancona e Portonovo. In 

questo sito sono presenti piogge intense e terremoti occasionali. Si sono verificati, 

inoltre, eventi franosi su larga scala, dalla frana di Portonovo del XIV secolo alla più 

recente frana di Ancona del 1982, oltre a più recenti eventi di instabilità dei versanti 

rocciosi, che hanno causato danni significativi agli edifici, e soprattutto hanno 

costituito un rischio per la salute umana. 

Questa tesi ha lo scopo di definire i principali meccanismi di rottura che occorrono 

nella parete rocciosa del Passetto (Ancona) e di capire il ruolo che hanno le 

precipitazioni su di essi. Sono stati studiati il meccanismo di infiltrazione nel terreno 

e le caratteristiche del sistema di fratture presenti nel sito. Un'analisi dettagliata sulla 

fratturazione è stata condotta utilizzando il metodo della scanline e il Discrete 

Fracture Network Modelling. 

L'intero studio è stato possibile tramite un approccio multilivello in cui sono stati 

coinvolte idrogeologia e geomeccanica. In particolare, sono stati analizzati i dati 

cumulati delle precipitazioni accoppiando queste informazioni con i fenomeni di 

frana (documentati nell'area). La velocità di infiltrazione del suolo superficiale è 

stata determinata utilizzando un test infiltrometrico a doppio anello. Quest'ultima 

analisi è stata condotta insieme al test con tracciante per comprendere il ruolo della 

fratturazione sulla circolazione dell’acqua sotterranea nell'ammasso roccioso. Infine, 
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a questi risultati si è aggiunta un'analisi di conducibilità dell'acqua uscente dalle 

fratture della matrice rocciosa studiata per valutare l'interazione tra la matrice 

rocciosa e l'acqua. 

Dai risultati ottenuti possiamo dimostrare l'importanza degli studi multidisciplinari, 

valutando il ruolo e i benefici che l’approccio proposto ha nella prevenzione e nel 

monitoraggio ambientale. 
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1. Introduction 

The assessment of the geomechanical behaviour of a rock mass and the 

understanding of its hydrogeological conditions are essential to analyse the 

dynamics of instability and erosion phenomena to which a site is particularly 

subjected. To this aim, the description of discontinuity properties such as spacing, 

persistence, roughness, and infilling is important for the engineering design 

(Bieniawski, 1973; S. D. Priest & Hudson, 1976). One method is the scanline survey 

(S. D. Priest, 1993; S. Priest & Hudson, 1981), which consists in an examination of the 

discontinuities present in outcropped rock surface that intersect a horizontal line 

drawn on it. This step is then followed by data collection for rock mass analysis, such 

as the kinematic analysis, which is a good base to understand which kind of slope 

movement is given by a determined set of fractures and, in addition, which slope 

movement is the most present in the studied area (Brideau et al., 2009, 2011). Among 

the various rock mass properties, groundwater plays a fundamental role in slope 

stability, but its comprehension is hard in fractured rock masses.  

This is one of the principal purpose of this thesis, which couples geomechanics with 

other disciplines such as hydrogeology and tracer hydrology. In the literature, tracer 

tests have been already performed in landslide studies (La Salle et al., 2001; Nguyet 

& Goldscheider, 2006) even for estimating the permeability of the rocks and their 

ability to carry out water (Brace, 1984; Clauser, 1992; Tsang, 1995). 

However, being the tracer injection conditions not the best for this case due to the 

absence of sinkholes or piezometers, conditions that instead are usually present in 

literature (Andersson & Klockars, 1985; Molz et al., 1986; Pataveepaisit & 

Srisuriyachai, 2020; Tomich et al., 1973), it was decided to do that in an innovative 

way thanks to the use of the double ring infiltrometer, giving us the time necessary 
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for the infiltration water to reach the fractured formation and completely cross the 

topsoil layer.  

Tracer hydrology is coupled with discrete fracture modelling and analysis of rainfall 

data to define the main failure mechanisms of the rocky coastal cliff located in the 

Passetto area (Ancona), especially evaluating the role of the rainfall on water 

circulation in the rock mass fractures, which has been assessed by several studies 

(Althaus et al., 1994a; B.Vásárhelyi, P.Ván, 2006; Pan et al., 2020; Vasarhelyi & Ván, 

2006; Wong et al., 2016; Zhou et al., 2016) to be a triggering factor for rock slope 

stability phenomena.  

The collection of the results coming from different tests and surveys makes it 

possible to create a more defined Discrete Fracture Network (DFN) through the 

software Move, that can be calibrated via the data obtained until this point. The DFN 

is useful to get the approximative main trend of the groundwater flow (Lei et al., 

2017; Makedonska et al., 2020; Zhang & Yin, 2014). 

In this thesis, the advantages of performing a well-structured multidisciplinary 

approach are presented, coupling together innovative methodologies, that can be 

the basis for the best choice of further analysis and studies to be performed, but that 

can also give decisive imprinting for the monitoring the unstable rock slope.  
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2. State of the art  

In this section we describe the several studies taken into consideration for the 

writing of this thesis, related to: 

• Influence of rainfall on rock parameters 

• Geological and geomechanical studies related to the studied site and the 

nearby areas 

• Tracer tests in fractured rocks and for slope instability analysis 

• Discrete Fracture Network 

• Geological setting of the Umbria-Marche Domain 

2.1. Influence of water on the mechanical behaviour of 

rocks 

Water is an important factor influencing the mechanical behaviour of rock mass and 

is responsible for many rock engineering hazards (Althaus et al., 1994b; Hawkins & 

McConnell, 1992; Vasarhelyi & Ván, 2006). What emerges from different studies is 

that the stability of the rock slope is negatively affected by the interaction with the 

water, even though the water quantity not increase very much (Wong et al., 2016; 

Zhou et al., 2016). An interesting factor is that also in low porosity metamorphic and 

igneous rock the role of water can be significant for the decrease in rock strength 

(Wong et al., 2016). The main factors influencing the rock quality decrease due to the 

presence of water are: a) the decrease of friction angle in wet rocks; b) the increase 

of water pressure due to saturation conditions in heavily jointed rocks (Althaus et 

al., 1994b).  

Going more in detail in the study area, three different factors can be taken into 

account following the study of Casagli et al. (1993): the lithology variability linked 
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to the calcium carbonate and clay content; b) the weakness zones represented by 

bedding and joints,. Although bedding is closed spaced with silty filling, three or 

more joint sets are the responsible for the formation blocks with wide openings, 

which constitute the main paths for water infiltration; moreover, the high 

weathering driven by the high clay fraction (susceptible to wet-dry cycles) create 

phenomena of plastic shrinkage.  

 

2.2. Geological and geomechanical studies related to the 

studied site and the nearby areas 

Several studies related to the geological and geomechanical characteristics of the 

Ancona rocky cliff are available in the literature. One of these is the one performed 

by Casagli et al. (1993), in which a  geomechanical characterization of the marly rocks 

of the Schlier formation has been performed. The study compares the strength 

characteristics of the joints with laboratory data on residual soils produced by the 

weathering, showing the usefulness of conventional laboratory testing and field 

surveys for the understanding of the geotechnical behaviour over large areas. In fact, 

the characterization of these materials can be supported by the comparison between 

laboratory and field data and the back-analysis of actual slope failures both in rock 

and on debris and soil covers. These analyses performed for different types of failure 

and different materials seem to give useful results for the comprehension of the field 

behaviour of such complex materials. 

Colosimo (1973) puts the attention on the need of geological-technical cartography 

of the Ancona cliff area, to solve civil engineering problems and to face the 

environment conservation problematic. For these reasons, they made a 

geolithological-geotechnical map of the Conero Mt. (town of Ancona, Sirolo and 
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Numana). In this map, the stratigraphic units are classified on the bases of lithology 

and geotechnical characteristics, the landslide phenomena are reported together 

with a classification of quarries. What they remarked is the importance of a scientific 

and quantitative approach in the environmental geology. 

Fruzzetti et al. (2011), analysed the coastal movement interesting the Conero Mt. In 

particular, they used a prevalently geotechnical approach, focusing the attention on 

the role that the mechanical behaviour of the lithologies had in respect to instability 

phenomena, associated with the main morphogenetic processes. What emerges is 

that all the promontory coast of the Conero Mt. is retreating, with a differential 

erosion depending on geotechnical characteristics of the outcropping geological 

units. The differential retreat is responsible for the promontory shape and the 

frequent landslides. This study is particularly useful for this thesis because focuses 

on the geomechanical parameters of the geological formations of the area, in which 

the Schlier formation is involved.  

Aringoli et al. (2014) focused on the geomorphological analysis of the entire coastal 

sector, defining the probable geomorphological processes responsible for the genesis 

of the promontory, which are identified in the activation of ancient and recent 

landslides. The coast was divided into 4 different coastal stretches based on the 

different formation and rock composition, highlighting the typical mechanics and 

instability phenomena that had caused the actual coast conformation. 

Coltorti et al. (1987) presented the protection plane for the plane of the Conero Mt. 

site with the aim of identifying territorial areas in which the set of geological and 

geomorphological characters contribute to determining a natural landscape with 

peculiar characteristics, ensuring protection, conservation and enhancement 

regulations. Areas with different importance of geological and geomorphological 

aspects are defined with differentiated protection legislation, in particular A zone 

and B zone. In the first one comprehending mostly the craig coast and the Umbria-
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Marche Stratigraphic Succession the human activities must be minimized and, in 

some cases, avoided, while in the second one in which is present the carbonatic 

nucleus of the Monte Conero anticline the transformations are allowed but always 

under a strict normative. 

In the same year they also made a landslide geological hazard map in order to be of 

considerable help in the early stages of territorial planning. What emerges from the 

geological-geomorphological survey is how the urbanization of the area has 

developed in the areas that are easier and cheaper to build, even if often 

characterized by soils with poor mechanical characteristics or on areas affected by 

gravitational movements even of conspicuous dimensions. The different processes 

that have conditioned the evolution of this sector of the Marche coast have also been 

identified, as well as the processes in progress, to predict the evolutionary dynamics 

in the near future. 

2.3. Tracer test 

In this thesis, tracer tests have been used to support and build a hydrogeological 

conceptual model of the rocky cliff of the Passetto area. In the literature, tracers have 

been used extensively in hydrogeology, both at local and regional scale (Andersson 

& Klockars, 1985; Binet et al., 2007; Cao et al., 2020, 2020; Fronzi et al., 2020, 2021; 

Kittilä et al., 2019; Maloszewski et al., 1999; Pataveepaisit & Srisuriyachai, 2020; 

Ronchetti et al., 2020). As assessed by Ronchetti et al. (2020), tracer tests can give a 

better understanding of the hydrogeology of a site, especially in more complex 

situations. In fact, without dye tracers, the costs of having a clear scenario of the area 

could increase very much due to the necessity to drill. Tracers are used to investigate 

the hydrogeological connection between selected points, such as the injection points 
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and the detected points. Tracers give information about the general permeability of 

soils or rocks (affected by discontinuities).  

In the framework of rock fall phenomena, several studies have been found in the 

literature (Andersson & Klockars, 1985; Ando et al., 2003; Kittilä et al., 2019; 

Maloszewski et al., 1999) and they constituted an important basis for the 

understanding of the tracer behaviour in fractured media, together with the studies 

conducted for the assessment of the role played by groundwater and pore 

distribution on landslide events (Bednarczyk, 2018; Binet et al., 2007; Denchik et al., 

2019; Ronchetti et al., 2020). However, any of them couple Discrete Fracture 

Networks (DFN) with a detailed hydrogeological study driven by tracer tests.   

The selection of tracer injection points depends on the objectives of the investigation. 

In some cases, the tracer is injected in wells or piezometers (Tazioli & Tacconi, 1991; 

Worthington & Smart, 2003) directly into the saturated portion of the aquifer, 

choosing discrete depth or homogenising the tracer in all the water column within 

the well. However, haven’t the possibility to inject directly the tracer in the saturated 

portion of the soil, neither in swallow holes nor cave streams that carry the tracer 

directly into the active conduits, we use the discontinuities that play an important 

role in the transport of the tracer through the secondary permeability. 

2.3.1. Tracer test in fractured rocks 

For what concerned the tracers test in fractured rock few studies were founded but 

they constituted a basis for the understanding of the tracers’ behaviour in fractured 

media. 

Maloszewski et al. (1999) performed two multi-tracer tests in one of the major cross-

fault zones of the Lange Bramke basin (Harz Mountains, Germany), confirming the 

dominant role of the fault zone in groundwater flow and solute transport. Tracers 

having different coefficients of molecular diffusion yielded breakthrough curves 
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that can only be explained by a model that couples the advective–dispersive 

transport in the fractures with the molecular diffusion exchange in the matrix. They 

verify that between the permeability of the fault and the ones of the local area there 

was a difference of one order of magnitude in cm/s. They also assessed that for 

obtaining more solids and meaningful results is suggested to use more than one 

tracer with different molecular diffusion, for a better understanding of the 

interaction between tracer and rock, and also for assessing the influence of sorption 

and of the diffusion. 

Andersson & Klockars (1985) made hydraulic and tracer tests in a well-defined, 

fractured, but low conductive granite in the Stripa mine. The purpose is the study of 

the properties of the rock and of the fractures regarding hydraulic conductivity and 

tracer transport. The hydraulic conductivity of the rock has been determined by 

hydraulic single-hole tests, while the non-sorbing tracer is used for assessing the 

transport mechanisms and fracture properties. Tracer breakthrough is monitored in 

several directions at the same distances from the injection point, giving information 

of heterogeneities, fracture geometry, statistical material on hydraulic fracture 

conductivity, flow porosity and dispersivity. In the study are also faced some 

problems that can occur in low conductive rock, such as the clogging of the fractures 

or the preferential pathways given by a difference in pressure injection. The 

suggestions for minimizing these risks are using water from the same aquifer and 

keeping a constant hydraulic head.  

2.3.2. Tracer tests for slope instability analysis 

Tracer tests performed in slope instability analysis are not so diffused yet and for 

this reason, a lot of articles related to this weren’t found, but we find some articles 

that prove the importance that they can have for the implementation of the 

understanding of sub water responsibilities for the generation of landslide. 



24 

 

Binet et al. (2007) performed a tracer test combined with high accurate electronic 

distance measurements on a small landslide with a well-known slip surface 

geometry. Outflow yields and chemical contents are monitored for all the 

experiment duration and they analysed to estimate the slip surface hydraulic 

parameters. In this case, the tracer (fluoresceine) was used only to check the first 

arrival of water injected in the sliding surface of the landslide and what they got is 

that the draining behaviour of the fractures can evacuate water sufficiently fast to 

avoid a high pressure increase in the landslide. 

Ronchetti et al. (2020) assessed that the main factors driving the slope instability are 

the groundwater flows and their pathways, which however result very complex to 

be studied. Moreover, an increasing of the uncertainties of the flow path is given by 

the heterogeneity of the fractures present in the soil.  In this study to minimizing all 

the uncertainties presents they used a dye tracer test to estimate transport 

parameters and characterize groundwater flow paths. With the tracer test was 

possible to individuate two main different groundwater flow paths. The estimated 

low groundwater flow velocity has rarely been estimated in other studies of this 

landslide type. The groundwater flow direction appears to be mainly influenced by 

the failure surface shape and differs from the sliding direction.  

From this study is possible to evidence the importance of the tracer test as an 

improvement in the understanding and in the knowledge of hydraulic and transport 

properties of deep landslide hydrology. 

2.4. Discrete fractures network 

Bai & Pollard (2000) carried out a study related to the stress transition related to the 

fracture spacing in layered rocks. Joints and veins in layered sedimentary rocks often 

are periodically distributed with spacings linearly related to the thickness of the 
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fractured layer. To better understand this linear relation, they have investigated the 

stress distribution between two adjacent opening-mode fractures as a function of the 

fracture spacing to layer thickness ratio using a three-layer elastic model with a 

fractured central layer. The results show that when the fracture spacing to layer 

thickness ratio changes from greater than to less than a critical value, the normal 

stress acting perpendicular to the fractures changes from tensile to compressive. This 

stress state transition precludes further infilling of fractures unless there are existing 

flaws or the fractures are driven by internal fluid pressure or other mechanisms.  

Karatalov et al. (2017) performed an analysis on fracture effective properties aimed 

at  grouping  the uncertainties  in  Naturally Fractured Reservoirs  modelling.    They 

analysed over 200 Discrete Fracture Network models (DFN) with varying input 

parameters  to quantify  the  impact  of  the input  variables in natural fractured 

reservoir characterization  and modelling from an effective properties standpoint. 

The most important of these variables were integrated with their associated 

uncertainties into  a  single plot. The product can help reservoir characterization by 

identifying the main flow controls and by assessing the range of possible outcomes. 

This promotes rapid   simulation   feedback   that   can   guide interpretation choices 

when defining model scenarios. The final results are that the top three most 

impactful parameters are fracture aperture, scale-up algorithm, and fracture 

intensity  in  the  order  of  importance. These three have a significantly higher 

importance on all the other, except for the length that can influence in a minor way 

the results. 

Korneva et al. (2015) studied high-angle faults  crosscut  platform  carbonates that 

are similar to the lithological units that host the deep seated  largest  onshore  oil  

reservoir  in  Europe, in the Agri valley. Two of  the  secondary  N-NE  striking  

faults,  strike-slip  and trans-tensional, together with the adjacent host rock, were 

selected to build a Discrete Fracture Network (DFN) of the rock mass including  the  

damaged  zones. The total normalised fracture anisotropy, porosity and 
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permeability as well as the directional normalised permeability for each zone were 

calculated. The results show that the total normalised permeability is higher for the 

fault zones than the  host  rock.  Moreover, the  trans tensional  fault  is characterized  

by  higher  permeability  values  than  the strike-slip one.  

Maffucci et al. (2015)elaborated a kinematic model of the anticline and assess the 

dimensional and spatial properties of the fracture network characterizing the 

Cretaceous sandstone reservoir of the geothermal system of Rosario de La Frontera. 

They performed a Discrete Fracture Network model to evaluate the potential of the 

reservoir of the studied geothermal system. The results of the fracture modelling 

performed show that fractures related to the same deformation stage, are 

characterized by the highest values of secondary permeability. Moreover, the DFN 

models performed in the reservoir volume indicates that fracture network enhances 

its permeability.  

Massaro et al. (2019) made a study in which discrete fracture network (DFN) 

modelling was performed for Triassic–Jurassic analog reservoir units of the NW 

Lurestan region, Iran. The modelling was elaborated following a multi-scale 

statistical sampling of the fracture systems characterising the analysed succession. 

The gathered data were analysed to estimate the laws governing the statistical 

distribution of some key fracture set attributes as spacing, aperture, and height. The 

collected dataset was used for the DFN modelling, allowing the evaluation of the 

relative connectivity of the fracture systems and the definition of the architecture 

and the geometries within the fracture network. The performed fracture modelling, 

confirmed, once again, the crucial impact that large-scale throughgoing fractures   

have on fluid flow migration processes. 

Volatili et al. (2019) focused on investigating the impact of structural and lithological 

heterogeneities on fluid flow within a porous carbonate reservoir by using 

monophasic fluid flow simulations through a dual-porosity permeability model. 
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The porosity and permeability of four distinct lithofacies from the Bolognano 

Formation (Oligocene-Miocene ramp grainstones to mud stones) have been 

measured. In addition, two main fault zones (SW Fault and NE Fault) were 

discretely modelled to test the heterogeneity contribution of both damage zones 

(derived from DFN models) and fault cores (conductive in the fault breccia and 

sealing in the cataclasite). What we can get from this study is the methodology with 

which the model was built and the need of combining very detailed field data 

analysis with conventional reservoir characterization to understand the effect of sub-

seismic lithological and structural heterogeneities on the flow and storage of fluids. 

Lei et al. (2017) highlighted the important issues of difficulty that still exist in 

applying DFNs for the modelling of fractured rocks. They stated the main points for 

building realistic DFNs that can represent the important geometrical and 

geostatistical characteristics of natural fracture systems, and that can further be used 

to capture the key geomechanically and hydrological characteristics of fractured 

rocks. The geometry of the created DFNs needs to be consistent with the 

geomechanics such as the in-situ stress field so that the geomechanically dependent 

fluid flow can be properly modelled. Another critical issue is to develop appropriate 

upscaling approaches to DFN models to evaluate the large-scale behaviour, and this 

would require the preservation of geostatistical and geomechanically characteristics. 

In the article are given some hints in order to limit or avoid these kinds of errors that 

can be generated. 

2.5. Geological setting of the Umbria-Marche Domain  

The study area belongs to the Umbria-Marche stratigraphic succession (U-M) 

(Figure 1). It consists of carbonate multi-layer geological formations (Fms.) (Meso-

Cenozoic) and siliciclastic foredeep deposits namely Laga Fm. The succession starts 
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with the deposition of Triassic Evaporites and Dolomites (Anidriti di Burano Fm.) 

deposited over the Crystalline Basement. The sedimentary sequence continues 

upward with the deposition of the Calcare Massiccio Fm., with a variable thickness 

of 600-700 m. The oldest formation outcropping the U-M domain is the Calcare 

Massiccio, considering that the Anidriti di Burano and Crystalline basement never 

outcrops the succession. 

 During the Lower Jurassic, the transtensional oblique and transversal fault systems 

(Boccaletti et al., 2005; Calamita et al., 1991; Carminati & Doglioni, 2012; Centamore 

& Rossi, 2009) was responsible for the carbonate platform disarticulation in different 

domains. The Jurassic tectonic displacements give rise to horst and graben structure 

characterising a different sedimentation respectively defined to as complete, 

condensed and lacunose, accordingly to the deposition environments.  

In particular, the deposition of the complete sequence (Lower Jurassic– Upper 

Jurassic) occurred in the deepest sectors (graben) above the Calcare Massiccio Fm. 

and is observed in the limestones and marls of the Corniola Fm. (thickness of 200 

m), Marne of Mt. Serrone Fm. (thickness up to 150 m), Rosso Ammonitico Fm. 

(thickness of approximately 40 m), Calcari a Posidonia Fm. (up to 200 m thick) and 

Calcari Diasprini Fm. (up to 150 m thick). The Bugarone Fm. was deposited in the 

horst structures above the Calcare Massiccio Fm. and its thickness is approximately 

40 m.  

During the Late Jurassic until the Early Cretaceous period, the sedimentation 

continued with the pelagic deposition of the Maiolica Fm., a powerful limestone 

deposit ranging between 150 to 450 m thickness. Above the Maiolica Fm. the 

stratigraphic sequence is represented by the marls of the Marne a Fucoidi Fm. (50–

80 m thick).  

During the Late Cretaceous the sedimentation continued with the deposition of the 

Scaglia Bianca Fm. (50- 70 m thickness) and the Scaglia Rossa Fm. (200-400 m) sub 
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divided itself into four members where the limestone, marly limestone and marls 

percentages varied vertically during the deposition. 

 Starting from the Late Eocene, the marls and marly limestones of the Scaglia 

Variegata Fm. (50 m thick), the Scaglia Cinerea Fm. (200 m thick), the Bisciaro Fm. 

(from 50 to 150 m thick) and the Schlier Fm. (from 80 to 200 m thick) were deposited. 

The Schlier Fm. was followed by the deposition of a powerful succession consisting 

of siliciclastic turbiditic deposits. The overall thickness of the carbonate sequence 

above 57 the Calcare Massiccio Fm. varies due to the presence of complete or 

condensed Jurassic sequences, reaching a maximum value of 1900 m (Pierantoni et 

al., 2013). In several wide areas of the U-M Apennines domain, continental 

Quaternary deposits (river and torrential alluvial deposits, lacustrine, glacial and 

slope deposits) were deposited. 

 

Figure 1 - Lithological map of the Marche region with the stratigraphic column of the U-M domain (Aringoli et al., 2010) 
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From a geo-structural point of view, the U-M domain is characterized by multiple 

overthrusts, associated with antiformal and synformal folds, with arcuate shape and 

ENE vergence (Figure 3). The folds and faults system were originated following the 

collision between the European (Corsica-Sardinian block) and Adria plate (African 

affinity) starting from the Oligocene and they developed, in several phases, during 

the Neogene-Quaternary (Barchi & Mirabella, 2009; Boccaletti et al., 1986; Calamita 

et al., 1994; Calamita & Deiana, 1988; Cello, 1997; Deiana & Pialli, 1994; Lavecchia et 

al., 1994; Mazzoli et al., 2005; Pizzi et al., 2002). The complex structural setting of the 

central-northern Apennines is determined also by the tectonic lineaments of the pre-

existing paleo geographic domains of the passive margin of the Adriatic plate 

involved in the formation of the U-M chain (Boccaletti et al., 2005; Calamita et al., 

2009; Carmignani & Kligfield, 1990; Coward et al., 1999; Di Bucci & Mazzoli, 2002; 

Di Domenica et al., 2012; Doglioni, 1991; Finetti, 2005; Malinverno & Ryan, 1986; 

Mantovani et al., 2009; Scisciani et al., 2002, 2010; Scisciani & Calamita, 2009). An 

important role in the development of the actual structural setting of U-M Apennines 

chain was played by the Jurassic extensional syn-sedimentary tectonic phase 

responsible for the subdivision of the Triassic carbonate platform into different 

domains separated by oblique transtensive and transversal fault systems. This phase 

was followed by the development of ridges and depressions, bordered by normal 

faults, which conditioned the Cretaceous-Neogene sedimentation of the central-

northern Apennines as well as its structural evolution. The current structural setting 

of the Apennines carbonate ridges is the result of the Jurassic processes of tectonic 

inversion, both positive and negative, that led to the chain formation, with the 

reactivation of fault planes (listric faults) and overthrusts (Calamita et al., 2003, 2009, 

2011; Di Domenica et al., 2012; Pace & Calamita, 2014; Tavarnelli et al., 2004).  
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3. Study area 

3.1. General outline of the study area  

Ancona is an Italian town with more than 100,000 inhabitants that overlooks the 

Adriatic Sea, and it has one of the largest Italian ports protected by the "bent elbow" 

shape of the promontory on which the city stands. The characterizing aspect of this 

promontory is represented by this high rocky coast, defined as a cliff, which 

separates the urban center from the sea. Such a crag that it rises almost vertically and 

with altitudes from 50 to 100m above sea level, it starts south from the promontory 

of Conero Mt. (Figure 2) up to the port area located to the north.  

 

Figure 2 – Conero Mount (lovelyancona)) 

In this area is present the Conero Regional Natural Park (Figure 3), a mountain 

overlooking the sea that originated as a result of a slow marine sedimentation action 

that began in the Jurassic, then emerged from the waters in the Pliocene, over five 

million years ago. A 6,011 hectare park that includes a stretch of high coast and a 

large internal hilly area, affecting the territories of the municipalities of Ancona, 

Camerano, Numana and Sirolo. Established by regional law, in 1987 to protect the 

richness and variety of flora and fauna, it is a place of exceptional naturalistic value, 

protected by the European Union for the presence of rare habitats, as well as a site 
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recognized by the international scientific community for the presence of 

emergencies of considerable geological interest as well as ancient evidence of 

significant archaeological and historical-cultural value. 

 

Figure 3 – Conero Regional park (casale del Conero). 

The natural park is enriched by 18 different paths allowing to visit it in all the 

different sides and also to reach the underlying beaches and sites. 

The Cardeto Park is another element that states how this place is important for the 

environment, but alsotourism. It’s a park that stands on the top of the Cappuccini 

and Cardeto hills that occupy the entire upper part of the city of Ancona. 35 hectares 

of land that bring together historical places, characteristic fauna and flora and 

breathtaking views overlooking the sea. The distinctive feature of the park is 

certainly the vegetation, the name itself derives from the thistles once typical of this 

area, whose seeds were greedy for goldfinches. 

The conformation of the site can seem, at first glance, very uncomfortable for bathing 

and for sunbathing, but in the reality is the strength of the Conero Mt., because of 

the unique landscape that the high rocks generate. The different beaches present 

from north to south are: Mezzavalle, Portonovo, la Vela, le Due Sorelle, Sassi Neri, 

San Michele, Urbani, la Spiaggiola, Numana.  
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As it’s possible to understand the Conero Mt. coast has always been a very popular 

tourist destination in the Adriatic sea, but it’s also known for the phenomena of 

erosion and instability (Figure 4a,b) that characterized this place, being an active 

craig. Considering the activities present on the coast is very important the study and 

continuous monitoring of the site in order to avoid catastrophic events involving the 

people who are visiting it. 

 

 

Figure 4 – a) Rock fallen in the Cardeto area (Corriere Adriatico)  b) Landslide in the Conero Mt. area (notizie.it). 

Our study will be conducted by considering the many factors as possible, both 

internal and external, in order to understand the increasing or limiting processes for 

the development of an instability events and catastrophic phenomena.

a) 

b) 



34 

 

3.2. Geological framework of the study area 

The study area is located on the coastal cliff of Ancona city (Marche Region, Central 

Italy), which extends for 15 km between Ancona city and Numana village (Conero Mt. 

area). The area is characterized by steep cliffs with an average height usually higher 

than 100 m a.s.l. It is composed mainly of marly-clayey formations of the Neogenic age 

and, only in the Conero Mt. massif, of Cretaceous-Paleogenic limestones (Casagli et 

al., 1993). From a geo-structural point of view, the relief of Conero Mt. essentially 

consists of an anticline affected by faults and fractures with an Apennine and anti-

Apennine E-W trend. This arrangement, which is attributable to several tectonic 

phases, led to the emergence of the Mesozoic-Paleogenic soils in the central and higher 

core, which are bordered to the north and south by high-angle faults, transversal to 

the main structure (Aringoli et al., 2014). 

Towards the south, the anticlinal of Conero Mt. looks like an inclined to inverted 

macro-fold, with eastern vergence and axial surface immersing in WSW. The western 

flank of this structure presents weak dives towards WSW, while the eastern flank is 

sub-vertical. Moving towards the north, anti-Apennine faults separate this main 

structure from other minor folds and overflows, which see the succession from west 

to east of an anticlinal fold and synclinal fold, also affected by minor disjunctive 

reasons with a prevalent NW-SE trend (Aringoli et al., 2014). 

The present geomorphological situation comes from the structural-lithological factors 

and the Pleistocene tectonic history, combined with marine erosion. The coastal zone 

comprehended between Ancona and Numana has always emerged since the Middle 

Pleistocene and has been subject to wave cutting and surface erosive processes. In 

general, the tectonic evolution of the area is given by three main phases described by 

Aringoli et al. (2014):  
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- Compressive phase of the middle Pliocene age, responsible for the major 

structures;  

- Phase of subsidence, aged between the Upper Pliocene and the Basal 

Pleistocene, which reports marine sedimentation conditions  

- Phase of uplift that probably begins in the lower Pleistocene and which, with 

several events, leads to the emersion of the whole Ancona area.  

The geological history caused the formation of subvertical high coastal cliffs, with 

morphological discontinuities and saddles. 

Recent tectonic activity, which has affected the Conero craig starting from the lower 

Pleistocene (Cello & Coppola, 1989; M. Coltorti et al., 1987);, has changed the original 

position of the land, also generating fractures and faults, most of modest rejection. 

These tectonic elements, during the uplift, have guided the modelling of the relief, also 

in relation to the different climatic conditions and have strongly influenced the 

evolution of the ridge especially by the erosive action of the sea and gravity. 

Going more in detail, we can distinguish different lithostratigraphic units based on the 

geological map of the site present in Figure 5 and following the study of  Fruzzetti et 

al. (2011): 

- the Maiolica Fm, the Marne a Fucoidi Fm. and the Scaglia Bianca Fm., which 

belong to the Cretaceous chronostratigraphic unit;  

- the Scaglia Rossa Fm. (Eocene);  

- the Scaglia Cinerea Fm. (Oligocene); 

- the Bisciaro Fm. and the Schlier Fm. (Miocene); 

- the Marls of Monte dei Corvi Fm. (Miocene-early Pliocene);  

- the Marls of Numana Fm. (late Pliocene); 

- recent continental deposits to the Quaternary. 
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Figure 5 – Geological map of the site, CARG project  

(https://www.isprambiente.gov.it/Media/carg/marche.html). 



37 

 

The lithostratigraphic unit of major interest for our study is the Schlier formation, 

“belonging to Lower Messinian-Burdigalian. This formation is made up of marlstones 

and calcareous percentages (35-80%), with sometimes sandy-silty partings, generally 

massive or in thick beds and, where the marly members outcrop in medium thin 

layers; thin clayey-marly inter-beds have been identified in some places. Gradual 

variation in the clay fraction of the massive facies sometimes produces primary 

structures very similar to bedding. The formation is usually heavily jointed as a 

consequence of the recent compressive tectonics; the rock masses are often crushed 

and it is very difficult to distinguish both the bedding planes and the main joints set” 

(Casagli et al. 1993). 

From a hydrogeological point of view, the biggest drainage system in the area studied 

is the Aspio River. 

3.2.1. Lithological zonation of the Conero Mt. area 

Following the distinction made by Aringoli et al. (2014) the coast near the Conero Mt. 

can be subdivided into four different zones (Figure 6) based on the lithologies 

outcropping, in order to identify the type of instability events mainly occurring and if 

they can be linked with the rainfall events: 

- Cardeto park (A): this area is characterised by predominantly pelitic 

terrigenous lithotypes, such as the marly-silty clays of the Schlier Fm. (Upper 

Miocene), the Colombacci Fm. given by clayey marls with conglomeratic levels 

(Upper Miocene), the characteristic Orizzonte del Trave Fm., that is a strongly 

cemented arenaceous-calcarenite level (Upper Miocene) and the pelitic and 

pelitic-sandy lithofacies of the Lower Pliocene. This area is mainly interested by 

areal and concentrated erosion, with accelerated erosion phenomena and 

frequent landslides that always reach the shoreline to be then dismantled 

during the most intense storms. 
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- From Portonovo to the Scoglio della Vela (B): In Portonovo the cliff has an 

average height ranging from 350 and 420 m, where the most outcropping 

formation is the Scaglia Rossa Fm., belonging to the north-eastern flank of an 

accentuated and asymmetrical anticlinal fold. The coast has considerably 

inclined layers, mostly according to an oblique dip-slope. The core of this fault 

is constituted by the oldest lime formation, the Maiolica. The main events here 

are individuated in sliding flow between the Church of Santa Chiara Maria and 

Scoglio della Vela, but in the curved rocky wall, are frequent debris-flow 

phenomena, linked especially to intense rainfalls periods. 

 

- The area between the Scoglio della Vela and the rocks of the Due Sorelle (C): 

this area shows very high slopes and differences in height; the lithostratigraphic 

units of the Scaglia Bianca, Scaglia Rossa and Maiolica Fms. outcrop. The 

strongly inclined layers characterise the cliff, with average immersion towards 

the sea, forming the north-eastern side of the anticlinal fold. In this stretch of 

coast, extended phenomena of translational sliding can be observed, such as the 

one that originated "Le Due Sorelle" rocks, guided by the position and by the 

tectonic discontinuities E-W. The aforementioned translational slides took place 

on the marly member of the Marne a Fucoidi Fm, bringing out the Maiolica 

formation situated under the Scaglie formations. 

 

- The southern part comprehending the beach of San Michele in Sirolo (D) : is 

the less steep area of the cliff, due to the high erodibility of the calcareous marls 

of the Scaglia Cinerea Fm., although in the upper part and towards Sirolo there 

are calcareous-marly and marly outcrops of the Bisciaro and Schlier formations. 

The bedding of these lithotypes is often difficult to detect due to widespread 

landslide accumulations, however the bedding change abruptly its orientation. 
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In this stretch of coast, similarly to stretch 1 (Mezzavalle), frequent gravitational 

movements occur, even if of modest entity, driven by extreme seismic or 

meteoric events. These reactivations affect beaches with strong tourist 

attractions. 

 

Figure 6 - 4 different areas A (red line), B (yellow line), C (blue line), D (green line), (google maps). 
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3.2.2. The Schlier Geological Formation 

The geological formation mainly studied in this thesis is the Schlier, one of the most 

diffused formation in the Umbria-Marche Apennine (Dubbini et al. 1991). The age of 

the Schlier fm. extends from the Burdigaliano p.p. to the basal Messinian 

(Cantalamessa et al., 1986). In the area examined the age of Schlier Fm. ranges from 

the Langhian to the Early Messinian (Boccaletti et al., 1987; Centamore et al., 1979; 

MICARELLI & PoTETTI, 1985). The Schlier fm. follows the deposition of an important 

accumulation of volcanic products, penecurrent to the sedimentation, present in the 

underlying Bisciaro (Guerrera, 1977; Guerrera et al., 1986). Furthermore, these 

products can be reconnected with other similar products from the Apennines which 

indicate a consistent geodynamic activity. With the exception of the outermost areas, 

the deposition of the Schlier fm. preceded the arrival of massive and widespread 

siliciclastic contributions, indicative of pronounced paleogeographic readjustments. In 

the northernmost sectors of the Umbria-Marche area, the age of the Schlier is still  not 

well defined and the transition with the overlying units appears clearly diachronous 

everywhere (Boccaletti et al., 1987).  

A picture of Schlier's stratigraphic correlations of different sectors of the Umbrian-

Marche Apennines is provided by Cantalamessa et al. (1986). The overall thickness in 

the external Marche basin is about 300 meters. The thicknesses are extremely variable 

and range from a few tens of meters to 400 meters (Centamore et al., 1979; Damiani et 

al., 1982; De Feyter et al., 1986; Italy. Servizio geologico et al., 1975; Jacobacci et al., 

1974; Ricci Lucchi & Pialli, 1973; Selli, 1952). The thickness of the Schlier fm. in the 

External Marche basin is variable: about 250 m in the Ancona area (figure 7), 80 m in 

the Montefortino area, 200 m in the Cessapalombo area and over 200 m in the area 

close to Senigallia  

In the areas with condensed sedimentation gaps in the sedimentation are also present 

(Cantalamessa et al., 1986). In the southernmost part of Marche Region, turbidite 
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intercalations containing remains of a carbonate platform and well correlated with 

levels of Maiella massif have been highlighted by Crescenti (1969). Biocalcarenite 

levels resulting from the erosion of nearby pelagic deep sea beds (Cantalamessa et al., 

1986; Centamore et al., 1979). 

The carbonate turbidites presents in the southern facies of the Schlier fm. represented 

by the Marne con Cerrogna fm., thin towards the north and have been interpreted as 

coming from the erosion of the Lazio-Abruzzese dominion (Cantalamessa et al., 1980, 

1986). According to Cantalamessa, the thickness of that facies varies from 200 to 300 

meters with an age ranging from Burdigaliano p.p. and the middle Tortonian. 

Furthermore, the largest accumulations of carbonate turbidites and slumps are found 

in the depocenter of the Umbria-Marche Apennines. According to Bellotti & Valeri, 

(1987), the Marls with cerrogna in the Garea (Sibillini Mountains) are attributed to a 

basin plain of reduced extension and with turbidite sedimentation. Ricci Lucchi & 

Pialli, (1973) interpreted the Schlier’s marls as an association of hemipelagic slope 

facies composed of the G facies of Mutti & Ricci-Lucchi (1978), on the other hand, De 

Feyter et al. (1986) consider the Schlier fm. to be a deposit of low-density turbid 

currents, coming from an Austro-Alpine source (de Feyter, 1991). Boccaletti et al. 

(1987) examined the migration of the chain / foredeep system of the Tuscan-Umbrian-

Marche Apennines. In this context, the Schlier fm. is considered a hemipelagic 

sediment with intercalations of limestone turbidites present in the extreme south-

eastern sector of the foredeep.  

According to Boccaletti et al. (1987) The age of the schlier is between the Burdigalian 

p.p. and the Tortonian p.p. In these areas the more calcareous lithofacies are more 

frequent and thicker, with the exception of the Cessapalombo area. Frequent turbiditic 

calcarenites are found here and in Montemonaco-Montefortino area.  The limit with 

the underlying Bisciaro is always gradual, while the limit with the overlying 

Tortonian-Messinian formations is clearer: in the Ancona and Senigallia areas is 

marked by a strong increase in the clayey fraction with darker lithotype passages; in 
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the area of Montemonaco-Montefortino, the transition from the Marne a Pteropodi fm. 

is gradual but rapid with the appearance of very clayey, dark marl and very rich in 

Pteropods; in the Cessapalombo area after the schlier, the arenaceous-pelitic turbidites 

of the lake formation follow, with a clear and erosive limit. (Dubbini et al., (1991)) 

 

Figure 7 - Litostratigraphy and mineralogic composition of Ancona section. (Dubbini et al., 1991). 
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4. Materials and methods 

4.1. Historical study on the rock fall events 

The historical study of the past and recent instability events is fundamental to discuss 

the results from a hazard point of view. For this reason, all the slope movements 

occurring on the sea cliff from Marcelli village to Ancona (figure 8) city has been 

documented. 

 

Figure 8 – Coastal area considered for the historical study on slope movement (google earth). 

The collection of information regarding the instability events (rock falls) are the ones 

recorded by experiences of people, so they are obviously only a portion of the real 

dataset of rock fall phenomena in the area. This is also the reason why in some years 

the events have been reported mainly during the summer season. 
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Table 1 – Reported instability events of the interested area. 

As visible in Table 1, the last three years are the most consistent in term of number of 

events reported. This can be due to the fact that only  in  recent  years  the  damaging 

landslides are punctually reported from the media, through newspapers, TV, or the 

Internet. 

INSTABILITY EVENT SITE DAY OF OBSERVATION

Ancona - Passetto cliff 03/09/1991

Portonovo - Site between fisherman cooperative and Mezzavalle 22/06/1995

Ancona -  Scalaccia beach 25/11/1998

Conero 08/02/2013

Portonovo 04/02/2014

Passetto - Seggiola del Papa 22/06/2014

Mezzavalle 08/08/2014

Cardeto 11/07/2017

Cardeto 24/12/2017

Passetto 22/03/2018

Frate beach (Conero) 30/06/2018

Trave di Portonovo 05/07/2018

Trave di Portonovo 12/08/2018

Frate beach (Conero) 11/06/2019

Mezzavalle 16/06/2019

Cardeto 15/07/2019

Trave di Portonovo 02/08/2019

Passetto 09/12/2019

Mezzavalle ridge 19/06/2020

Mezzavalle 05/07/2020

Trave 08/07/2020

Trave 17/08/2020

Trave 27/08/2020

Trave 05/06/2021

Trave 07/08/2021

Site between Mezzavalle and Trave di Ancona 20/08/2021
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4.2. Precipitation monitoring 

4.2.1. Analysis of rainfall data for rock slope instability  

Based on these premises, the rainfall data antecedent of six months to every single 

event are collected, in order to consider also the long rainfalls that contribute to deeper 

landslide and not only the shorter rainfalls for the superficial events. Rainfall data are 

provided by the local authorities and were freely downloaded from the official 

hydropluviometric database managed by the regional monitoring center 

(https://www.regione.marche.it/Regione-Utile/Protezione-Civile/Console-Servizi-

ProtezioneCivile/SIRMIP-online). 

Rainfall data were recorded every 15 minutes for Marche Region by means of a remote-

controlled rain network. 

Two different rainfall stations have been selected for the meteo-pluviometric analysis: 

Ancona Regione and Svarchi (Table 2, Figure 9). The aim is to conduct a more general 

analysis that covers the whole area between Ancona city and Conero Mt. area, and 

then focus the attention on the study area near Passetto. The rainfall station Ancona 

regione is useful for the northern side of the Conero Mt. area, while Svarchi station for 

the southern side.  

 

Table 2 – Coordinates of rainfall stations taken from the SIRMIP website. 

 

LONGITUDE LATITUDE HEIGHT STATION CODE STATION NAME

  13°35'   43°28'   6.00 166   Svarchi

  13°30'   43°36'   91.00 149   Ancona Regione
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Figure 9 - Ancona Regione and Svarchi rainfall stations seen on google maps. 

The rainfall data of the six months antecedent of every instability event in the list 

(Table 1) are downloaded and the cumulative daily precipitation is calculated. For 

exploring the correlation between precipitations and rock falls occurred, the 

cumulative rainfall is plotted together with the occurrence of rock falls in time. For 

each graph, only the most significant rainfall stations are reported.  

4.2.2. Analysis of rainfall data for tracer test 

An additional analysis of rainfall data has been made for supporting the tracer test 

operation. Rainfall data were downloaded from the Ancona Regione rainfall station 

for a period useful for tracer test monitoring, in order to investigate the hydrodynamic  

behaviour of the studied rock volume and the time-response between the rainfall and 

the tracer arrival in the rock mass discontinuities.   

The data are then plotted in the hyetographs, analysed and correlated considering the 

arrival of the tracer to the activated charcoals. 

Ancona 

Regione  

Svarchi 
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4.3. Geological survey 

4.3.1. Scanline method 

To perform a discontinuity set analysis in the rocky wall examined, two different one 

dimension scanlines (1-D), with length 11 m (Figure 10a,b) and 6 m (Figure 10c)  were 

performed. The choice of make two different scanlines respectively perpendicular to 

each other permit to collect more detailed data of orthogonal sets of discontinuities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 10 – a) left part of scanline 1; b) right part of scanline 1; c) scanline 2. 

 

a) 

 

b) 

 

c)
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Is important to remind that the term “discontinuity”, as reported by De Vallejo (2011), 

refers to all the geological features of the rock masses sharing the common 

characteristics of low shear strength, negligible tensile strength and high fluid 

conductivity compared to the surrounded rock materials.  

This term includes fractures, joints, veins, bedding, fault planes etc., independently 

from their origin in a geological point of view. Being the scanline not perfectly 

perpendicular to all the fractures was necessary to apply the Terzaghi correction 

(Terzaghi, 1965), but to making this all the fractures were previously divided in sets 

through the use of the Rocscience Dips software. During this stage, geomechanical 

parameters such as orientation, aperture (expressed in mm) and persistence have been 

collected. The processing of this data, applying the Terzaghi weighting, permits the 

calculation of the average normal spacing, average aperture and persistence for each 

discontinuity set.   

4.3.2. Discrete fracture network 

In order to model the contribution of fractures to the general permeability of the rock 

mass, several Discrete Fracture Network models were built using the ‘Fracture 

Modelling’ module of the software MOVE™ academic license provided by Midland 

Valley Exploration Ltd. The DFN modelling was performed at the School of 

Technology of the University of Camerino, in collaboration with Dr. Tiziano Volatili 

and the master’s student Gregorio Baiocchi. The models represented both background 

deformation (host rock fractures) and fault-related deformation (damage zones). The 

methodology has been recently applied by other authors (Antonellini et al., 2014; 

Panza et al., 2015, 2016; Zambrano et al., 2016). It consists of defining five parameters 

for each fracture set: orientation (dip azimuth, angle of dip, and Fisher K value), length 

distribution, length/height ratio (single value), volumetric fracture intensity (P32), and 

hydraulic aperture. The hydraulic aperture is derived from the mechanical aperture, 
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which is measured in the field using the JRC profile – aperture comparator in Figure 

11 (Barton & Choubey, 1977) 

 

Figure 11 – JRC aperture profile – aperture comparator (Barton & Choubey, 1977). 

The JRC can be estimated either by correctly designed tilt, push or pull test on jointed 

rock samples or by visually comparing the fracture with standard set of roughness 

profiles given by BARTON & CHOUBEY (1977) (Figure 11). In this thesis the latter 

method was implemented directly in the outcrop. 

Moreover, fractures are not strata bound (Guerriero et al., 2015) and so was assumed 

that the length:height ratio is equal to 2 (Cowie & Scholz, 1992; Olson, 2003; Scholz, 

2010). The hydraulic aperture, e, is the idealized fracture aperture for smooth parallel 

plates model (Snow, 1965) and was derived from the mechanical aperture, E, measured 

in the field taking advantage of the equation first presented by Barton et al. (1985): 
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where JRC is the Joint Roughness Coefficient.  

Is important to notice that the fracture modelling module of MOVE™ is designed for 

tight rocks (negligible matrix porosity) where porosity and permeability are provided 

only by the fractures, for this reason it helped to find the importance that the secondary 

permeability in respect to the primary of the area studied. The software assigns zero 

values of porosity to those portions of the volume that are not crosscut by any fracture. 

For both host rock and damage zone, DFN models were constructed for each 

lithofacies.  

A cube of 8m per side was constructed in order to represent the best compromise for 

have an accurate but also not to complex model to face. In this box are present 20 cells 

per side for a total of 8,000 cells with a volume of 40x40x40 cm each one (Figure 12). 

The choice of the measures considered the fact that the length of a cell must be almost 

the double of the spacing of a fractures set. The damage zone DFN models were 

populated with background fractures plus fault-related structures (Panza et al., 2018). 

 

Figure 12 – Volume considered for create the DFN. 
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What gives more interest in the calculations was the intensity to be applied for each 

fractures set, that was founded using the workflow proposed by Golder Associates 

Ltd. (2009) and used by other authors (Antonellini et al., 2014); Korneva et al., 2015; 

Volatili et al., 2019; Zambrano et al., 2016)). It consists in generating a scatter plot of 

input P32 versus P10 values calculated from the DFN modelling software, and fitting 

a linear intercept to this data, made through an excel file, in order to enable conversion 

of measured P10 values into N. To generate this scatter plot three preliminary DFN 

models were built using three increasing values of N. The other parameters of the 

modelled structures were kept equal in all the DFN models. 

After this, different lines with a length of 1 meter are drawn in our volume, one for 

each fracture sets. These lines were then moved and rotate  perpendicular to their 

specific fracture sets and then are duplicated and put at different heights in the box.  

In this way the lines drawn, acted as digital scanline in the model and the number of 

intersections divided by the length of the wells gave a P10 value. A linear intercept of 

the data points was calculated to obtain a function in this form:  

𝑑𝑖𝑔𝑖𝑡𝑎𝑙𝑃10

𝑑𝑖𝑔𝑖𝑡𝑎𝑙𝑁
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 

The P10 values obtained from field data were inserted into the equation to calculate a 

N related to real P10. 

𝑟𝑒𝑎𝑙𝑃10 ∗ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 = 𝑁 𝑡𝑜 𝑢𝑠𝑒 

 This process was repeated for all the fractures sets and also for each model with the 3 

different N. The arithmetic average of the calculated intensities was used to build the 

definitive DFN models.  
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4.4. Kinematic analysis of rock slope instability  

The kinematic rock slope analysis is an important tool for understanding the instability 

events that can occur in the studied rocky wall mass due to the set of fractures present 

(Aksoy et al. 2007; Yan et al.  2022). The kinematic analysis has been performed using 

the software DIPS, which allows to automatically identify the area of risk related to a 

specific rock fall kinematic. The input are: a) the dip direction and dip angle of the 

rocky wall; b) the friction angle. The general orientation of the cliff can be determined 

in a simple way from the satellite images of Google Earth (Figure 13).   

 

Figure 13 – methods for the calculation of slope inclination in respect to the north (dip direction). 

The dip angle instead was determined using the “profile” tool of Google Earth (Figure 

14).  
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Figure 14 – methods for the calculation of the slope inclination in respect to the horizontal (dip angle). 

The value obtained are a dip direction of 50° and a dip angle of 80°. 

4.4.1. Planar sliding 

Planar failure occurs when a discontinuity plane such as; bedding plane, fault plane, 

joint set plane etc dips towards the valley at an angle smaller than the slope angle 

(Figure 15) and greater than the angle of friction of the discontinuity surface. This kind 

of movement happen in rocks and the detachments have the typical form of 

rectangular blocks. This kind of movement can be driven by impulse or external 

phenomena depending on the strength conditions of the slide surfaces, which do not 

necessarily have to possess a steep gradient. Translational slides generally move faster 

than rotational ones, because of the simple geometry of their failure mechanism 

(Vallejo et al., 2011). 
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Figure 15 – Planar sliding mechanism(GeoStru). 

4.4.2. Toppling 

Rock falls are very quick free falls of rock blocks generated from pre-existing 

discontinuity planes (tectonic, bedding surfaces, tension cracks). Being the slope 

studied quite steep and in a rocky cliff this slope movement can be possible. The factors 

that cause them include erosion and loss of support for previously separated or 

loosened blocks in steep slopes, water pressures in discontinuities and tension cracks 

and seismic shakes. Masses of soil can be small but they fall from vertical  due to the 

elevated slope, generally due to the existence of tension cracks (Figure 16) generated 

by tensional stresses or shrinkage cracks in ground that has dried(Vallejo, 2011).  

Flexural toppling occurs when the strata dip in the opposite direction to the slope, and 

also forms naturally inclined blocks which are free to rotate because of failure at the 

foot of the slope.  
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Figure 16 – Toppling failure mechanism (webspace – Tiscali). 

4.4.3. Wedge sliding 

Bedrock landslides are primarily controlled by the orientation of discontinuities, such 

as joints, faults and bedding, and their relationships with hillslope angle and direction. 

The combinations of multiple discontinuities, termed wedge failures (Figure 17), are 

the most frequently observed rock slope failures that can occur over a wide range of 

geological and geomorphological conditions. To assess the potential occurrence of 

wedge failure, the orientation of discontinuities is determined by means of 

stereographic projection techniques (Smith & Arnhardt, 2016). It’ s very similar to the 

rock fall but with the particularity that the block detached has a quite triangular form. 

 

Figure 17 – a) wedge sliding given by 2 fractures intersection  b) Wedge sliding given by 3 fractures intersection (Smith & 

Arnhardt, 2016). 
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4.5. Hydrogeological investigation 

4.5.1. Double infiltrometer test 

The stainless-steel double ring infiltrometer (Figure 18a) is a simple apparatus used 

for determining water infiltration of the soil. The rings are partially inserted into the 

soil and filled with water, after which the speed of infiltration is measured through the 

hydrometric pressure transducer (Diver Eijkelkamp, accuracy ± 0.5 cmH2O and 

resolution 0.2 cmH2O). The infiltration rate is expressed in terms of the volume of 

water per ground surface and per unit of time [L/T, for instance cm/s]. The infiltration 

capacity of the soil indicates the maximum infiltration rate at a certain moment. This 

instrument has been used also for artificial tracer injection (Figure 18b). The diver 

should be placed in the center of the inner ring, in order to avoid the lateral spread of 

water after infiltration. In fact, single-ring infiltrometers overestimate vertical 

infiltration rates because the flow of water beneath the cylinder is not only vertical, but 

spreads laterally as well. Double-ring infiltrometers minimize this error since the 

water level in the outer ring forces vertical infiltration of water in the inner ring.  

The inner ring is driven into the ground, while a second larger ring is located around 

the smaller one in order to help control the water flow through the first ring. This study 

has relevant importance for calculating the infiltration parameters of the topsoil, 

assuming them as the basis for reconstructing a model of the rock material with its 

superficial and internal fractures. In fact, the infiltration processes affect surface runoff, 

soil erosion and groundwater recharge. 
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Figures 18 – a) Double ring infiltrometer empty and positioned in the injection point; b) Double ring 

infiltrometer filled with water with tracer (fluoresceine). 

The double ring infiltrometer test was performed very closed to the edge of the cliff, 

in this way can be minimized the time needed for the water and tracer to cross the 

topsoil and also to limit the lateral dispersion.  

For a more precise estimation of the permeability of the topsoil we decided to fill the 

double infiltrometer volume 4 times, this is due to the fact that the soil at the beginning 

of our test was in unsaturated conditions, which causes a higher depression, detectable 

with higher values of permeability. 

According to the stratigraphic column of the site (Figure 19) available from the Ancona 

Muncipality was possible to assume a value of topsoil not higher than 1 meter, being 

present a very low amount of soil coming from the anthropogenic source. 

The deposit is directly connected to the geological substratum below it as it’s visible in 

Figure 18 present in the document of the “geological, geomorphological and 

hydrogeological survey of the ppe Passetto” performed in 2001 by the dott.Roberto 

Cristiani for the Comune of Ancona. 

a) b) 
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Figure 19 – Stratigraphic column (“geological, geomorphological and hydrogeological survey of the ppe Passetto”) 
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Figure 20 -  Location of the column sample for the stratigraphy in the geolithological map (“geological, 

geomorphological and hydrogeological survey of the ppe Passetto”). 

The borehole can be considered representative cause it has been conducted in the 

vicinity of the study area (Figure 18). 

What emerge from the stratigraphic column (Figure 17) is: 

• topsoil rich in organic material (0 m < depth < 1 m) 

• colluvial soil composed by clayey lime (1 m < depth < 4 m) 
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• altered formation of marly clays (4 m < depth < 6 m) 

• slightly altered Schlier formation (6 m < depth < 10 m) 

4.5.2. Tracer test  

4.5.2.1. Selection of injection point and monitoring points  

Based on a detailed reconstruction of the stratigraphy of the area (Figure 19), the more 

suitable point to use for the tracer injection is the one reported in Figure 21. From the 

stratigraphy, we determined about 1 m of incoherent deposits, followed by almost 25 

m of fractured rock mass (Figure 22a), in fact considering the stratigraphy in figure 19, 

is visible that under the topsoil, immediately begin the fractures Schlier. The first 

survey for the choice of the injection point and location of the active carbon was 

conducted on October 18th 2021. Tracers were injected at the top of the cliff (in the 

deposits) through the use of a double ring infiltrometer, while several charcoal filters 

were placed directly within the discontinuities (Figures 22b,c)) to detect it. The rocky 

wall under the Monumento dei Caduti in the Passetto area (AN) has been found a 

suitable area for this kind of analysis, because it is easy due to the presence in the past 

of some restaurants. 

 

Figure 21 - Site interested in the positioning of activated charcoal filters. 
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Figures 22 - a) Rocky wall where filters are positioned; b) Details of the rocky wall with the activated charcoals bags C6 and 

C7 positioning; c) Detail of the Rocky wall where activated charcoal filters C1,C2,C3,C4 and C5 are positioned. 

 

Figure 23 - Injection point (Yellow circle) and arrival point (red circle). The yellow arrow is the 

simplified pathway of the tracer. 

a) b) 

c) 
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The tracer selected for this study is the fluorescein, based also on previous studies 

conducted which demonstrate its lower reaction with the rock material (Ronchetti et 

al., 2020). Moreover, the fluoresceine is a costly-effective solution both in injection and 

receiving equipment, but also for the analysis of the activated carbons that trap the 

fluoresceine. In the monitoring points, active carbon traps were used to capture the 

tracer.  

The concentration of fluoresceine to be injected has been determined following the 

equation from Käss (1998): 

𝑀 = 𝐿 · 𝑘 · 𝐵 

Where M is the tracer quantity (kg), L is the distance (km), k is the tracer coefficient 

and B the factor for hydrogeological conditions. Further equations were developed 

during the years(Worthington & Smart, 2003), taking into account the system 

discharge and target peak concentration or by adding the groundwater velocities (Aley 

& Fletcher, 1976). Field (2002) proposed a new design method based on the one-

dimensional advection dispersion equation (ADE) named “efficient hydrologic tracer-

test design methodology” (EHTD) in which also the sampling frequencies were 

considered. In all cases, the tracer mass to be injected should be determined by 

balancing the risk connected by the additional substances introduced into the system 

and the consequence of failing the test due to the non-achievement of the detection 

limit (Goldscheider et al., 2008). The quantity used is lower than the limit value for the 

human-eye visibility (100 ppb), whereas its detection limit by fluorescence 

spectrophotometer could be lowered to 1 ppb (Pataveepaisit & Srisuriyachai, 2020).  
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Figures 24 – a) Weight of the tracer (fluoresceine) to be injected; b) Tracer preparation for the 

injection. 

A simplification of the volume considered for the calculation is reported in Figure 16. 

Respectively, a volume of 625 m3 (Figure 25) has been considered (5 x 5 x 25 m, with a 

topsoil of 1 m), for which a quantity of 20 g (Figure 24a) of fluorescein (Figure 24b) has 

been selected, this due to the fact that was supposed a 30% of porosity in the entire 

volume. 

 

Figure 25 – Volume considered for the calculation of the tracer concentration to be injected. 

a) b) 
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4.5.2.2. Laboratory analysis 

Fluorescein (if present) was extracted by the carbon-active traps using an ammoniacal-

based solution. After that, samples were dried in an oven for 24 hours at a temperature 

below 60°C (Figure 26a,b). 

       

Figures 26 -a) Oven used for dry the Activated charcoals; b) Internal part of the oven with the dried 

activated charcoal. 

For each activated charcoal, 1g (27a,b) of dried material over a total of 5g presents in 

the filter have been sampled and analysed. 

      

Figures 27 – a) Laboratory operation performed to determine the weight of activated charcoals; b) 

quantity of activated charcoal in the test tubes used for the fluorometric analysis. 

a) b) 

a) b) 
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The charcoals remained wetted for a time of 3 hours by 10 ml of the ammoniacal 

solution (Figure 28a,b) and during this time were mixed every hour. 

      

Figures 28 – a) 10 ml pipette used for put the ammoniacal solution into tube with 1g of activated 

charcoal; b) Operation of injection of the ammoniacal solution into the test tube with 1g of dried 

activated charcoals. 

Once collected (manually and by means of the automatic samplers), the water samples 

and the solutions obtained from the extraction (filtered at 45 μm (Figure29a) to prevent 

any impurity entry in the instrument) were analysed by a model RF-6000 laboratory 

spectrofluorometer. 

  

Figures 29 – a) syringe with 0.45um filter for the activated charcoals; b) the spectrofluorometer 

produced by Shimadzu Corporation (Kyoto, Japan). 

a) b) 

a) b) 
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The calibration of the Shimadzu spectrofluorometer (Figure 29b) was performed by 

using three concentration standards (10, 20 and 100 ppb) prepared using the same 

water collected in the field and a blank sample for each monitoring point, sampled 

before each new tracer injection 

 

Figure 30 - calibration curve of Shimadzu rf 6000 laboratory spectrofluorometer. 

The tracer concentration was determined by setting the excitation wavelength (EX) = 

490 nm (Figure 30) and the emission wavelength (EM) = 520 nm for the Fluorescein.  

The data acquired by the spectrofluorometer were then processed through excel 

program in order to see which activated carbons filter or water sample taken from the 

site show a relevant concentration of fluorescein, in fact the data must be well 

interpretated because a little increase of the concentration trapped can be given by a 

high natural turbidity of the water. 

After these steps a table in which the various arrivals of the tracer into active charcoal 

is created. 

4.5.3. In-situ physical characterization of groundwater  

Conductivity is a general measure of stream water quality. Each stream tends to have 

a relatively constant range of conductivity that, once established, can be used as a 

baseline for comparison with regular conductivity measurements. Significant changes 

in conductivity could then be an indicator that a discharge or some other source of 

pollution has entered a stream (United States Environmental Protection Agency, 2012). 
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For these reasons, the conductivity meter measurements were effectuated two times 

and in different periods, in order to see if anomalous discharge or sea water 

contamination, both through marine aerosol and splashing waves were presents. 

 Conductivity is affected by the lithologies through which the water flows. Streams 

that run through areas with clay soils, like the Schlier tend to have higher conductivity 

because of the presence of materials that ionize when washed into the water. 

Groundwater inflows can have the same effects depending on the bedrock they flow 

through. Another parameter that affects it is the temperature: the warmer the water, 

the higher the conductivity. For this reason, conductivity is reported as conductivity 

at 25 degrees Celsius (25 °C). The basic unit of measurement of conductivity is 

microsiemens per centimeter (µs/cm). 

In this study, conductivity measurements were taken in-situ collecting water from a 

little stream (Figure 31a,b), in order to avoid as far as possible, the contamination of 

sea water in the water that was accumulated in some puddle for a considerable time.  

   

Figures 31 – a) Water sampling from the dripping water b) measurement of the water conductivity c) 

Conductivity meter WTW 340i. 

a) b) c) 
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Moreover, in order to have more precise and a more representative data, 

measurements were collected in two different period, the first time on October 10th 

2021 and second time on February 2nd 2022. 

In this site there is a continuous dripping of the water from the fracture that in some 

points had generated concretions (Figure 32a,b), given by the precipitation of calcium 

carbonate. 

  

Figures 32 –a) Area interested by continuous dripping of water and presence of concretions; b)Detail 

of concretions in the studied area 

In conductivity measurements the voltage is applied between two electrodes in a 

probe immersed in the sample water. The drop in voltage caused by the resistance of 

the water is used to calculate the conductivity per centimetre. The water is analysed in 

situ with the conductivity meter that allows to measure the temperature and 

conductivity of the water sample that is collected in a recipient where previously is 

reproduced the environment with the flushing of the inside part of the recipient with 

the studied water, more than one time. The conductivity meter used in the test is the 

WTW cond 340i (Figure 31c) and the basic unit of measurement of conductivity is 

microsiemens per centimeter (µs/cm).      

a) b) 
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5. Results 

5.1. Correlation between rock fall phenomena and rainfall 

events  

The cumulative rainfall data of the six-months antecedent of the instability events 

shown in Table 1 are plotted in Figures 34a,b,c,d,e together with the rock fall events 

(represented by orange dots). These graphs show that the main trend of rainfall event-

landslide is that every landslide is preceded by an intense rainfall event, starting 

approximately 10 days before. This consideration is valid only for the Schlier 

geological formation in the studied area. 

For this reason, only the slope movements related to the Schlier formation were taken 

into account in these graphs. 

 

  

 

 

 

 

 

 

 

 

a) 

b) 



70 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figures 33 – Cumulative rainfall over the time, with the presence of instability events: a) events of 22/06/14 and 08/08/14; 

b)event of 22/03/18; c) event of 15/07/19; d) event of 09/12/19; e) event of 19/06/20. 

In Table 3  the intensity of these rainfall is reported in mm/duration, together with the 

data and location of the related instability event. Also the beginning, ending, duration 

and height of the precipitation are reported for show how we calculated the intensity.  

c) 

d) 

e) 
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Table 3 – data on the precipitation immediately before the instability events 

It is important to remind that these considerations are representative only for the 

events reported and for the considered geological formation. In fact, considering other 

areas (Figure 36a,b,c) constituted by different geological formations (Figure 5), a 

different behaviour is observed. An example is the area of Portonovo or the Trave 

(Figure 36a,b,c), in which different correlations between rainfall and rock fall occur. 

 

 

Instability event 22/06/2014 08/08/2014 24/12/2017 22/03/2018 15/07/2019 09/12/2019 19/06/2020

Location
Seggiola del 

papa
Mezzavalle Cardeto Passetto Cardeto Passetto Mezzavalle

Start 13/06/2014 28/07/2014 14/12/2017 16/03/2018 08/07/2019 01/12/2019 07/06/2020

End 19/06/2014 01/08/2014 18/12/2017 21/03/2018 13/07/2019 04/12/2019 17/06/2020

Duration (days) 6 4 4 5 5 3 10

precipitaion 

(mm)
72,4 59,4 38,2 34,0 50,0 27,0 35,2

intensity (mm/d) 12,1 14,9 9,6 6,8 10,0 9,0 3,5

a) 

b) 
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Figures 34 – graphs of cumulative rainfall over the time of the area nearby the studied site 

5.2. Discontinuity set analysis and the kinematics of slope 

failure 

Using the DIPS software, four discontinuity sets were evidenced in addition to the 

bedding (Figure 37 and Table 4). The poles were plotted on the stereographic 

projection (lower hemisphere, equal angle) and then the average value of dip angle 

and dip direction for each set has been calculated. 

 

Figure 35 – Main discontinuity sets and bedding of the studied area, reported on the stereographic 

projection. 

c) 
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The four joint sets and the bedding visible in the stereograph have the following values  

 

Table 4 – Main discontinuity sets with the average values of dip and dip direction. 

The kinematic analysis of slope failure evidenced that 100% of j3 and 19% of j2 are 

involved in the risk zone for planar sliding failure (Figure 39). In the case of the area 

studied are interested all the joints that have almost parallel fracture in respect to the 

slope.  

 

Figure 36 – Stereographic projection of planar sliding. 

All the bedding poles are subjected to toppling phenomena (Figure 40), due to its 

opposite dip direction in respect to the slope. 

Joints sets Dip Angle Dip Direction

J1 71° 141°

J2 84° 18°

J3 68° 64°

j4 75° 175°

bedding 47° 230°
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Figure 37 – Stereographic projection of toppling risk failure. 

Different considerations are made for wedge sliding, because we have to consider all 

the points represented that stay for the plane intersections of the different planes 

(Figure 41), that cause this kind of slope movement. 

 

Figure 38 – stereograph plot for wedge sliding risk 

 



75 

 

5.1. Discrete fracture network 

Following the method previously described in Golder Associates Ltd. (2009) and in 

chapter 3.3.2. , we obtained the Digital P10 and Digital N value for each joint set (Table 

5). These values are derived from an iteration process made for obtaining the 

calibration curves. 

 

Table 5 – Values of the iteration process to obtain the calibration curves needed for setting the N value related to real P10 

After that, the best ratio value for digital the P10/Digital N was chosen. The real P10 

value for each set was multiplied for this ratio, obtaining the N value. The N value is 

the input for the DFN modelling, which better represents the real fracture intensity of 

our site. 

 

Figure 39 – Values of N to be inserted for the optimal representation of real P10 

JOINTS SET DIGITAL P10 (1/m) DIGITAL N (1/m3)

J1 6 0,5

J2 10 0,5

J3 18 0,5

J4 3 0,5

J1 13 1

J2 12 1

J3 27 1

J4 2 1

J1 47 5

J2 62 5

J3 155 5

J4 22 5

JOINTS SET REAL P10 N MODEL

J1 2,70 0,24

J2 0,52 0,04

J3 1,64 0,05

J4 1,70 0,42
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The obtained DFN model is shown in Figure 44a,b, by different perspectives. The 

figure 44a is shown from above, while in the Figure 44b the east,s outh and upper faces 

are visible  

 

 

Figures 40 – a) fracture sets model on software Move seen from above b) fracture sets model on 

software Move seen from above with also east and south faces visible c) legend of the joint sets 

a) 

b) 

c) 
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Table 6 reports the values of the mechanical aperture, the hydraulic aperture and the 

aperture calculated multiplying ten times to the hydraulic aperture.  

 

Table 6 – Hydraulic aperture, mechanical aperture and 10 times the hydraulic aperture values 

considered for the parameter setting of the DFN modelling. 

In Table 7 the permeability calculated for each joint set using both the mechanical and 

the hydraulic aperture is reported. By using the hydraulic aperture, the permeability 

values are unrealistic (too low), so we decided to use the one calculated with the 

mechanical aperture. In fact, also considering the hydraulic aperture multiplied to 10 

times, the resulting permeability value is still too low (Table 7).  

 

Table 7– conversion steps for bring the permeability values in cm/s 

 

The permeability values along XX,YY and ZZ planes obtained are reported in Table 8. 

However we took in consideration only the values along the ZZ plane because for the 

calibration of the other two planes, further studies are needed. 

JOINTS SET 10*HYDRAULICAL APERTURE (mm) MECHANICAL APERTURE (mm) HYDRAULICAL APERTURE (mm)

J1 0,01585 0,18219 0,0016

J2 0,04213 0,16000 0,0042

J3 0,03110 0,18500 0,0031

J4 0,01289 0,11973 0,0013

AVERAGE VALUE milliDarcy Darcy
CONVERSION         

FACTOR
cm/s

HYDRAULIC       

APERTURE
0,00436 4,3642E-06 0,0009613 4,19531E-09

MECHANICAL        

APERTURE
1250,00000 1,2500 0,0009613 0,001201625

 10 x HYDRAULICAL 

APERTURE 
4,36420 0,0043642 0,0009613 4,19531E-06
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Table 8– Hydraulic permeability calculated through the Move software considering the mechanical 

aperture. The permeability refers to the XX, YY and ZZ planes. 

 

 

  

PERMEABILITY XX-plane 

(cm/s)

PERMEABILITY YY-plane 

(cm/s)

PERMEABILITY ZZ-plane 

(cm/s)

MIN VALUE 0 0 0

AVG VALUE 8,171E-04 7,306E-04 1,202E-03

MAX VALUE 5,056E-03 5,672E-03 6,854E-03
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5.2. Double ring infiltrometer results 

According to the methodology previously discussed in chapter… The data recorded 

as infiltration rate (cm/s) by the diver positioned inside the smaller ring of the 

infiltrometer are reported in Figure 48. 

 

Figure 41 – Lowering of the diver inside the double ring infiltrometer during the interval of the test 

As visible from the graph in Figure 48 the first trials show an higher value of lowering 

of water level over time, but we can analyse the four trials separated from each others. 

 

Figure 42 – overlapping of the trials executed with the double ring infiltrometer 

From the overlapping (Figure 49) is visible the differences of permeability given by the 

four different trials, so we calculated a different values for each one: 
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Table 9 - Table with the values of permeability of the topsoil calculated from double ring infiltrometer data. 

 

In Table 9 above the time required by the water with tracer to overcome the assumed 

height of 1m of topsoil is reported and due to the relatively high value of permeability 

and also to the small height of the soil layer, the different times calculated are below 

the 1 h. 

Assuming the infiltration rate of the saturated soil as the one of the fourth trial, is 

possible to say that the water injected reaches the fractured Schlier formation after 40 

minutes. 

For the calculation of the time that the tracer employs for pass through the fractures of 

rock mass and reach the activated charcoals filters at the foot of the rocky wall, we 

have to subtract this time calculated. 

TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4

AVERAGE PERMEABILITY OF THE 

TRIAL (cm/s)
0,0662 0,0605 0,0580 0,0413

HEIGHT OF TOPSOIL (m) 1 1 1 1

HEIGHT OF TOPSOIL (cm) 100 100 100 100

TIME REQUIRED FOR 

OVERCOME THE TOPSOIL (s) 
1510 1653 1724 2424

TIME REQUIRED FOR 

OVERCOME THE TOPSOIL (min) 
25 28 29 40
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5.3. Relation between rainfall and tracer test 

Interesting outcomes can be corroborated by the tracer test performed in the rocky 

wall of the Passetto cliff. The first tracer arrival has been recorded in the carbon trap 

between 6 and 10 days after the injection.  

The presence of the fluoresceine in the activated charcoal filters was immediately 

visible by naked eye, with a brownish colour (figure 43a), and even more with the use 

of a UV lamp in a black room (Figure 43b). 

   

Figure 43 – Presence of the artificial tracer seen a) by naked eye b) through a UV lamp in black room. 

The first activated charcoals filters marked by the fluoresceine are the C3 and C6 

(Figure 44b), that were positioned in 2 fractures (Figure 44a) that belong to the joints 

set 3, which is also the one subjected for the planar sliding risk as assessed in the 

Chapter 4.2 of this thesis. In particular the C6 was positioned in fault with an higher 

persistence in respect to the other joints. 

It occurred in the activated charcoals filters present in the fractures between the 3rd and 

the 7th of March, so in an interval included between six and ten days. Another arrival 

occurred in the captors C6 taken out on the 17th of March and another one in the captor 

a) b) 



82 

 

C7 taken out in the 12th of April. Also, the C7 in present in the same fractures set of the 

previous two (Table 10). 

 

Table 10 - Activated charcoals analysis, that evidence the presence or not of fluoresceine (YES=arrived , NO=not arrived, 

NA=not available. 

     

Figures 44 – a) fractures of C6 and C7 with their persistence visible  b)detail of the activated charcoals C6 and C7  

C1 C2 C3 C4 C5 C6 C7
Water 

sample

02-feb NA NA NA NA NA NA NA NO

25-feb NO NO NO NO NO NO NO NO

27-feb NO NO NO NO NO NO NO NO

01-mar NO NO NO NO NO NO NO NO

03-mar NO NO NO NO NO NO NO NO

07-mar NO NO YES NO NO YES NO NO

13-mar NO NO NA NO NO NO NO NO

17-mar NO NO NA NO NO YES NO NO

22-mar NO NO NO NO NO NO NO NO

30-mar NO NO NO NO NO NO NO NA

07-apr NO NO NO NO NO NO NO NA

12-apr NO NO NO NO NO NO YES NA

a) b) 
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The hyetograph in Figure 45 representing the rainfall from 1st of January to 25th of April 

is useful to understand how the water infiltrating into the soil affected the movement 

of tracer in the fractures presents into the rock mass of the Passetto. For a better 

understanding the points, showing the most important phases for activated charcoals 

filter (injection and arrivals) are added. 

 

Figure 45 – Hyetograph from 01-01-2022 to 25-04-2022 with the tracer injection and tracer detection 

represented by orange dots.  

Considering that the injection of the tracer in 25th of February through the double ring 

infiltrometer, the tracer immediately infiltrated in the topsoil due to the water present 

in the infiltrometer and was then transported through the fractures by the following 

precipitations of the same day. 

The first arrivals were noticed in the activated charcoals taken out on the 7th of March, 

so approximately ten days after the precipitations occurred in 25th and 26th of February; 

the second arrival was noticed in the activated charcoals taken on the 17th of March, 

approximately 10 days after the precipitations of 3rd and 4th of March; the same 
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occurred for the ones taken on the 12th of April after the precipitations of 30th and 31st 

of March. 

5.4. Results of the physical parameters of groundwater 

The conductivity analysis made with the conductivity meter shows different results 

between the test effectuated on 10th of October and the one of 2nd of February. 

    

Figure 46 – Conductivity measurements of a) 10th of October b) 2nd of February  

As visible in the figures above the measurement of the 10th of October gives an higher 

value of conductivity equal to 993 microSiemens/cm in respect to the 661 

microSiemens/cm of the 2nd of February. The temperatures measured instead are 

respectively 15,9 and 6,2°C. 

This difference of the value is given by the different periods, in fact the first 

measurement was made in autumn after a period in which very few rainfall 

phenomena occur. This made the conductivity increase because the water flow from 

a) b) 
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the fractures was very slow and it favoured more the accumulation of dissolved 

material in the contact surface area water-rock, that let the presence of ions increase. 

On the contrary the second measurement was made during the winter season after 

periods in which rain events were more frequent and consistent, causing an increase 

in the dripping of the water from fractures letting the conductivity decrease. This 

because some substances present in the contact surface water-rock were washed out 

by the higher water flow. 
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6. Discussion  

The main purpose of this study was to define a multi-level approach as a first attempt 

to study the secondary permeability of a high fractured rocky sea cliff, and to make 

important considerations on the general stability of the area. The main motivation lies 

in the fact that the Schlier geological formation (of which the seacliff is made) is 

generally considered an aquitard in hydrogeology (Boscherini et al., 2005), due to its 

low permeability rock matrix (calcareous marls and marly clays). The proposed 

approach couples tracer hydrology, hydrogeology and fracture analysis to define a 

hydrogeological conceptual model of the sea-cliff, that can be integrated with an 

analysis of rock fall instability as a first attempt to hazard determination. In this 

chapter, the obtained results are discussed to define a proper conceptual model for the 

area. 

Starting from the 1D scanline, it was possible to determine the families of fractures 

present in the rock mass volume of the Ancona sea cliff through the use of the 

RockScience software DIPS (Table 4). In addition, through the Markland’s test we 

determined the risk for planar, toppling and wedge sliding.  

With all the data acquired by the scanline method, it was possible to reproduce a 3D 

DFN model, using the software MOVE, which requires, for each set, the orientation, 

density and length of the discontinuities. The aperture instead was calibrated based 

on the results of both tracer test and double ring infiltrometer. 

This first reconstruction of the DFN model (Figure 40a,b) showed immediately which 

are the most consistent fracture sets in term of length, height and intensity but not in 

term of water circulation. 

In order to solve this lack of information we used the tracer test results that indicate to 

which fractures belong the most important contribution for groundwater, based on 

where the tracer is detected. 
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For assessing the best period for tracer injection, an electrical conductivity analysis was 

also performed to see in which period we had a higher groundwater circulation. The 

analysis was done in the dripping water from the fracture, that showed higher 

conductivity values (993 microSiemens/cm) during the autumn season when rainfall 

events were very low so the water flow into the fractures wasn’t so high, while during 

the winter showed lower values (661 microSiemens/cm) after a period with significant 

precipitation. This differences in conductivity told us that after a dry period we have 

less groundwater circulation that corresponds to higher contact time with the rocks 

and also more dissolved particles that let the values increase, and this was 

fundamental to explain why in the blank sample of activated charcoals  higher 

concentration of fluorescent material was detected, even though the injection of the 

fluorescein wasn’t done yet. For this reason, the dry period before the injection test let 

the water accumulate more material from the contact surface between water and rock, 

showing a high presence of base fluorescence of the environment, that has to be taken 

into account for the detection of the fluoresceine presence in the filters. 

Following also these results and assessing that the best period for the injection was in 

winter due to the higher groundwater flow that can transport better our tracer, we do 

the injection on the 25th of February. 

The tracer was detected in the activated charcoal named C3, C6 and C7 (Table 10), but 

in different periods: for C3 on the 7th of March, for C6 on 7th and 17th of March and for 

C7 on the 12th of April. From the rainfall analysis, the tracer was detected at least ten 

days after the intense rainfall events (Figure 45).  
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Figure 47 – Conceptual model of the rock mass volume with the fracture and tracer flow a) with side section  b) with frontal 

section. 

One peculiarity of this approach for tracer test is that data are collected also after the 

first tracer arrival. This permitted to observe that the tracer continued to be still 

detected one month and a half after the injection and one month after the first arrivals 

(in C3 and C6) (Figure 47a). The contribution given by this long monitoring period 

coupled with the analysis of rainfall data allows us to determine a delay of almost 10 

days between the rainfall event and the tracer arrival.  

The activated charcoal C6 and C7 belong to the same fracture set (Figure 47b). Despite 

that, a considerable difference in the tracer arrival is detected for C6 and C7, with the 

tracer firstly detected in C6. Is important to note that, although the discontinuities on 

which the activated C6 e C7 charcoal have the same orientation, C6 is positioned along 

a transcurrent fault plane, while C7 is on a joint plane. The fact that in C6 the tracer 

has been detected firstly can be explained by the high persistence of the fault in respect 

to the joints (Figure 47b). 

a) b) 
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The correlation between rainfall events the tracer arrival in 10 days suggests behaviour 

that can be compared to the simplified piston flow model. The piston-flow model 

usually well describes the flow in confined aquifers. When the groundwater recharge 

lasts longer than the maximum residence time of the groundwater in the aquifer the 

tracer velocity is proportional to the DARCY velocity and the groundwater flow in the 

aquifer is similar to that through a tube (Figure 48) (International Atomic Energy 

Agency – NAPC). 

 

 

Figure 48 – conceptual representation of Darcy law (International Atomic Energy Agency – NAPC) 

This explains the mechanism of movement of the tracer inside the rock fissures. In 

simple terms, the first intense precipitation before the tracer injection is useful for 

saturating the entire fracture conduits. Starting from this condition, the tracers is 

injected. The piston flow model implies thus that the tracer remains in the rock volume 

until the necessary water volume from rainfall acts as a piston to push the water with 

tracer towards the monitoring points. 

The activated charcoals in which the tracer was detected belong all to the fracture set 

j3 (Table 4 and Figure 36), which is also responsible for planar sliding, with the 100% 
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of its fractures involved in. This data is fundamental for assessing the role that rainfall 

can have in the Schlier Fm. of the Ancona Sea cliff, due to the fact that this fracture set 

is also the preferential path for groundwater circulation from the top to the bottom of 

the cliff.  

This result remarks the fact that although the Schlier Fm. is generally considered an 

aquiclude (Boscherini et al., 2005), when a certain degree of fracturing is present, the 

fractures act as active conduits, increasing significantly its propension in carrying out 

the water. This attitude of the geological formation studied, coupled with a favourable 

orientation of some of the discontinuity sets, is the main cause of hazard for rock fall 

phenomena. 

To assess the secondary permeability of the fractures, the double ring infiltrometer test 

was fundamental, giving us an estimation of the time required by the water to cross 

the topsoil covering the fractured Schlier Fm. (as assessed by the stratigraphic column 

of the site presented in Figure 19. From the four trials performed in this test, we 

obtained different values of infiltration rate. This is due to the fact that the first 

injection was performed in an unsaturated soil, which has been saturated only after 

three trials, progressively obtaining lower values of infiltration rate. In fact, as soil 

moisture content increases, the infiltration rate decreases. Dry soils instead tend to 

have pores and cracks that allow water to flow faster. As soil becomes wet, the 

infiltration rate slows to a steady rate, based on how fast water can move through the 

saturated soil (United state department of Agriculture – soil infiltration). 

Taking the last infiltration rate value of the fourth trial we determined the time 

required for water crossing the entire topsoil layer of about 40 minutes, that compared 

to the time required by the tracer to reach the activated charcoals, is not relevant. 

One of the innovations of this thesis is that, for the first time, the artificial tracer is 

injected using the double ring infiltrometer. In fact, the tracer is generally injected 
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through preferential conduits or wells (Hazzaa et al., 1965; Molz et al., 1986; Tomich et 

al., 1973). 

At this step, we can assume that the time from tracer injection to detection can be 

almost totally attributed to groundwater flow through the fractures. In fact, the time 

for crossing the topsoil is estimated as about only 40 minutes, due to the high 

permeability of the incoherent deposits.  

For the DFN modelling, it has been evaluated to use the hydraulic aperture (Volatili et 

al., 2019; Zambrano et al., 2016) as an input parameter, resulting in a too low value of 

permeability. 

 

Table 11 – Steps for the estimation of the time required for cross the entire rock mass volume in vertical direction. 

Using the hydraulic and the mechanical aperture and considering an average height 

of the sea cliff of about 25 m, we obtained very different times (Table 11) required for 

crossing the studied rock volume. With the hydraulic aperture the time required is 

about 7 million of days, for the increased hydraulic aperture the time required is near 

the 7 thousand of days, while for the mechanical aperture (that is the measured one) 

we obtained 24 days. Is obvious to affirm that only this last value is reliable, and it is 

also so close to the one determined by the tracer analysis (about 10 days). Although 
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there is not a perfect match between the tracer and the DFN results in permeability, 

we must consider at first that in the DFN approach only the fractures are considered. 

Instead, from the field analysis, we noticed the presence of a few faults (with higher 

persistence), one of which  has been responsible for the tracer arrival in C6. This is only 

one of the possible factors explaining this behaviour. However, to better explain this 

attitude, other additional analyses are required.  

Based on these premises and discussion, the average permeability of 0,001202cm/s is 

calculated for the DFN (Table 8), which is so close to the permeability of the limestones 

and dolomites derived from the literature (Figure 49).  

 

Figure 49 – table with the typical permeability values of the soils 

In fact, for this class the permeability value ranges between 10-3 to 10-7 cm/s.  

One time all the data for the DFN model are inserted in the software, and considering 

the opening just found reliable, we are able to see the box coloured in function of the 
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punctual permeability (Figure 50a,b,c,d) with a precision that takes into account the 

dimensions of the cells. 

 

 

 

 

Figures 50 – some pictures of the box  from the software Move, considering the permeability values as 

cells colour a)from the upper side b) with east,south and upper face visible c) with north,west and 

upper faces visible d) with north east and the bottom faces visible.  

From the permeability box is not possible to see the real reconstruction of our rocky 

wall, but it’s possible to see the behaviour of the water circulation. In the Figures 

49a,b,c,d are visible the preferential pathways, showed by red and magenta cells, 

formed probably by the intersection of different fracture sets and mainly by the 

a) 

d) 

b) 

c) 
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fractures of joints sets 3, that are stated to be the main active conduits. Where we 

haven’t the presence of fracture or at least the presence of few discontinuities we have 

the behaviour typical of the non-fractured Schlier that is near to be impermeable as 

showed by the blue cells in the box. 
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7. Conclusions and future remarks 

The aim of this thesis was to propose a multidisciplinary approach in the studying of 

a particular rock mass volume situated in Passetto along the Ancona rocky cliff, 

between Marcelli and Ancona city. This site is particularly interested in phenomena of 

erosion and slope instability (Figure 4a,b) that make this stretch of the coast to be 

classified as an active cliff.  

At the end of this study, the principal results are reported as follows: 

• The assessment of the multidisciplinary approach involving hydrogeology, 

isotope hydrology and geomechanics helps to give a clearer picture of the 

geomechanical behavior of the rock mass volume and on the groundwater 

circulation through the rock mass fractures; 

• The Schlier Fm., which is generally considered as an aquitard in the literature 

(Boscherini et al., 2005),  does not behave as it when the degree of fracturing is 

high, due to the secondary permeability that plays an important role in the 

groundwater circulation. In the Passetto seacliff, the permeability of the 

fractures has been estimated to be 1,22*10-3 cm/s, a very high value compared to 

the one of the rock matrix (composed by marly clays and marly limestones); 

• The double ring infiltrometer test coupled with the tracer test has been proved 

to be an optimal solution for the injection of the tracer, especially when 

preferential conduits or wells are not available; 

• The prolonged tracer test monitoring until a month after the first arrival showed 

us important information related to the behaviour of the groundwater flow, 

which acts as a piston flow in a tube, with a delay between rainfall and tracer 

arrival of ten days;  

• The correlation between the rainfall data analysis and the instability events 

showed up a strong relation in short term between rainfall events and rock fall. 
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The instability events in the specific area studied in the Schlier Fm. are usually 

preceded by an intense rainfall event starting 10 days before the rock fall, a 

trend that is not repeated in the adjacent areas where different formations are 

present ; 

• The fact that tracer arrives only in fractures responsible for planar sliding after 

about 10 days from the injection, together with the evidence of the correlation 

between rock falls and intense rainfall, permitted to make important 

consideration of the rock fall mechanisms; 

• Despite the activated charcoals C6 (positioned in a fault plane) and C7 

(positioned in a joint plane) belonging to the same discontinuity set, the big 

delay in time between the tracer arrival confirms that the faults can transport a 

greater amount of water in respect to a simple joint, probably due to the higher 

persistence along the rock mass volume; 

• The multiple results obtained allow us to calibrate the Discrete Fracture 

Network in a more precise way. In this specific case, the choice of using the 

measured aperture instead of the hydraulic aperture could be assessed only 

with the results of tracer test, coupled with the double ring infiltrometer data. 

In fact, the tracer test results demonstrated a permeability too higher with 

respect to the one given by the hydraulic aperture; 

• The conductivity test is a good analysis to have a first hint of the groundwater 

flow activity in materials with a good fraction of clay or conductive materials. 

Higher values of conductivity were detected during dry periods in the first 

measurement, where the contact time between water and rocks was higher with 

the consequence of higher dissolved solids in the dripping water. 

• With a multidisciplinary study is possible to build a consistent qualitative base 

for understanding which works or analysis can be further performed on the 

basis of the achieved results. A point that must not be undervalued in an 

economic point of view. 
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At the end of this study, it is important to remark that because of  time and laboratory 

limitations it wasn’t possible to perform some tests, that could give a more complete 

picture of the environmental situation of the area. 

The chemical anionic and cationic analysis through a chromatograph of the water 

dripping from the fractures of the rocky wall could tell us important information. First 

of all, this kind of analysis can highlight if the continuous presence of the dripping 

water is given only by the water infiltration or also by external factors, as losses from 

sewer or from another pipe.  

Further studies can be performed for a more complete understanding of the tracer 

diffusion, to see if it’s a specific case or this typical diffusion trend can be enlarged to 

all the Umbria -Marche stratigraphic Succession.  

A further study on different type of tracers could be interesting for assessing how they 

behave at contact with the Schlier Fm., in this way can be assessed also other properties 

given by the interaction between the different tracers and the rock mass volume, such 

as the advection, diffusion and sorption. 
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9. Sitography 

• SIRMIP online – Regione Marche protezione civile 

http://app.protezionecivile.marche.it/sol/cumulate/index.sol?lang=it 

• International Atomic Energy Agency – NAPC - http://www-naweb.iaea.org/ 

• U.S. Department of Agriculture – https://www.usda.gov/ 

• U.S. Environmental Protection Agency – https://www.epa.gov/ 

• ISPRA – https://www.isprambiente.gov.it/ 

• Corriere Adriatico – https://www.corriereadriatico.it/ 

• Il Resto del Carlino - https://www.ilrestodelcarlino.it/ 

• Ancona Today - https://www.anconatoday.it/ 

• CentroPagina - https://www.centropagina.it/ 

• Notizie.it – https://www.notizie.it/ 

• Google Maps – https://www.google.it/maps/ 

• Google Earth – https://www.google.it/intl/it/earth/ 

• Lovely Ancona – https://www.lovelyancona.it/ 

• GeoStru – https://www.geostru.eu/ 
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