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Abstract

Rock mass failures pose significant hazards and risks to society and can seriously damage the anthro-
pogenic infrastructures or the natural, cultural or historical heritage of protected sites and, most of
all, human lives, even when they involve small volumes of rock. Although large volumes are typically
mobilized in mountainous areas, several episodes sporadically occur in coastal cliffs, also as a conse-
guence of the on-going climate changes. The risk is particularly high when instability processes take
place in urban or tourist area.

Both traditional and most advanced methods for landslide hazard assessment in rock slopes necessi-
tate a full understanding of the overall rock mass behavior and of the on-going endogenic and ex-
ogenic processes. Given the anisotropic, inhomogeneous, discontinuous, and non-elastic nature of
rock masses, stability analyses necessarily require appropriate rock mass characterization. Disconti-
nuities play a key role in the mechanical behavior of rock masses, and their detection and quantitative
description represent one of the most challenging aspects of hazard assessment.

Several remote sensing techniques have been introduced in geoscience to support the conventional,
dangerous and time-consuming field surveys, and their application is increasing exponentially. How-
ever, because of the intrinsic complexity of rock masses, a comprehensive standard procedure for
rock mass characterization and hazard assessment, involving both conventional field surveys and re-
mote sensing techniques, has not yet been proposed.

The main goal of this PhD thesis is to investigate the applicability of remote sensing methods for rock
mass characterization in complex environments, with focus on their integration with the irreplacea-
ble conventional geostructural and geomechanical surveys, in order to set-up advanced geomechan-
ical models for sophisticated stability analyses.

° The first part of this manuscript is of informative type and provides a solid background of the
techniques and methods (e.g. discontinuity characterization, rock mass classification systems, failure
mechanisms, and application of remote sensing techniques) faced throughout the document, as well
as an outline of the research approach.

° The second part of this thesis concerns the testing, validation and optimization of different
remote sensing techniques for rock mass characterization, and presents an innovative digital tool for
2-D analyses of discontinuities.

More in detail, the first topic addressed in this part is a critical review of the most used remote sensing
techniques for rock slope investigation in complex conditions: TerrestrialTerrestrial Laser Scanning
(TLS), terrestrial and Unmanned Aerial Vehicle (UAV) Structure from Motion techniques, and InfraRed
Thermography (IRT). A coastal case study affected by complex morphology, with intense develop-
ment of karst and weathering processes, presence of Mediterranean vegetation, in a context heavily
frequented by tourists, was selected to carry out these researches. In detail, a quantitative compari-
son of the first three methods for rock slope characterization from point clouds, with particular ref-
erence on their accuracy for discontinuity extraction and characterization, as well as for rock slope
monitoring, is presented. It was found out that point clouds generated from terrestrial or UAV-based
photogrammetry are prone to “distortions” if control points cannot be evenly distributed on the field
because of morphological constraints. As concerns the accuracy, terrestrial photogrammetry by
means of common digital cameras can be used for a preliminary characterization, whilst TLS and UAV
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have similar accuracies. The use of one technique rather than the other for monitoring purposes de-
pends on the objectives of the survey: whilst TLS provides more accurate deformation measurements
and rockfalls volume estimations, UAV systems cover larger area, and allow an easier interpretation
by direct comparison with high-resolution photos. This aspect is important in rock masses where
shrubs are not easily recognizable on the point clouds. As concern the discontinuity characterization,
the three point clouds provided approximately the same results, however the UAV technique was
found to be more reliable because it was not affected by occlusions (shadow areas). This part of the
manuscript presents a critical analysis of the advantages and limitations not only of different remote
sensing techniques, but also of different platforms (e.g. hand-held cameras or UAV systems). Alt-
hough some papers on the use of remote sensing techniques for rock mass characterization are re-
ported in the literature, this part of the thesis focuses on their quantitative comparison and on their
optimization in carbonate and coastal environments, which are subjected to particular issues.

The second analysis concerns the applicability of IRT technique for rock slope characterization. A 24-
hours monitoring was carried out on the case study, and coupled with UAV systems to detect discon-
tinuities and voids. In addition, the air-rock temperature profiles extracted from the thermograms
were aligned to high-resolution photos to directly obtain information on the topography, lithology,
jointing degree and Geological Strength Index of the rock mass. This section offers new insights on a
technique still in development and proposes a methodology to detect some useful information (alt-
hough with limitations) even if the on-site conditions are not favourable, with the possibility of using
IRT techniques for the characterization of inaccessible areas.

The last section of the second part of the thesis is devoted to the 2-D analyses of discontinuity traces
from ortho-rectified photos derived from remote sensing techniques. Bi-dimensional analyses are
recommended for low-relief, sub-horizontal or sub-vertical rock slope, because the extraction of dis-
continuities from point cloud is affected by undersampling. However, despite several advances were
made for 3-D characterization from point clouds, 2-D analyses are stuck to the time-consuming meth-
ods proposed in the literature some decades ago. Recent digital implementations are not publicly
available, or do not provide a comprehensive discontinuity characterization. Hence, the methods pro-
posed in the literature were adapted to a digital environment to perform faster quantitative discon-
tinuity characterization. To this aim, a publicly-available MATLAB routine was developed, which is
able to classify the discontinuity traces into discontinuity sets and calculate their mean orientation,
spacing, trace length, and persistence, as well as their probabilistic distributions. In addition, infor-
mation on the fracture network is provided by means of intensity, density and trace length estima-
tors, block volume, and block shape. The routine was built on a synthetic dataset, then applied on
the discontinuity map of the case study and validated by means of conventional geostructural and
geomechanical field surveys on the same area.

. In the third part of this manuscript, the overall objective of the PhD research is achieved. A
comprehensive methodology for rock mass stability assessment through the integration of remote
sensing techniques and conventional geostructural and geomechanical surveys is proposed and ap-
plied to the case study. An advanced 3-D geomechanical model was generated, based on the results
of the point clouds processing and interpretation, field surveys and laboratory tests for the physical
and mechanical characterization of the rock materials. Kinematic analyses allowed a first assessment
of the potential failures of the case study, then the typical failure mechanisms were detected by
means of field and remote sensing inspections. Later on, the geomechanical model was used to per-
form 3-D and 2-D numerical stability analyses. At this stage, the Finite Element Method (FEM), which
is commonly used because of its versatility to model a broad range of continuous and discontinuous
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rock masses without assumptions on the failure mechanisms, was used to validate the developed
methodology by direct comparison with the failure mechanisms observed on the field. Two different
approaches were tested and compared to each other, both for the current conditions and by simu-
lating surface processes observed in the field. This study was targeted to evaluate the effect of dis-
continuity implementation in FEM methods by means of a stochastic approach. However, given the
complexity of the failure mechanisms of the study site, further researches are suggested as future
perspective. This final part of the manuscript integrates all the investigations carried out on the study
area and illustrates how different data can be combined to achieve reliable stability analyses. The
importance of the input data, as well as the difficulties in producing and interpreting the results are
outlined and discussed.






Résumé

Les ruptures de masses rocheuses représentent des aléas et des risques importants pour la société et peu-
vent gravement endommager les infrastructures ou le patrimoine naturel, culturel ou historique des sites
protégés et, surtout, des vies humaines, méme lorsqu'elles concernent de petits volumes de roche. Bien que
de grands volumes soient généralement mobilisés dans les zones montagneuses, des événements se produi-
sent sporadiquement dans les falaises cotiéres, également en raison des changements climatiques en cours.
Le risque est particulierement élevé lorsque les processus d'instabilité se produisent dans des zones urbaines
ou touristiques.

Les méthodes traditionnelles et les plus avancées d'évaluation des risques de chutes de blocsdans les pentes
rocheuses nécessitent une compréhension compléete du comportement global de la masse rocheuse et des
processus endogénes et exogénes en cours. Etant donné la nature anisotrope, inhomogéne, discontinue et
non élastique des masses rocheuses, les analyses de stabilité nécessitent nécessairement une caractérisation
appropriée de la masse rocheuse. Les discontinuités jouent un rdle clé dans le comportement mécanique des
masses rocheuses, et leur détection et leur description quantitative représentent |I'un des aspects les plus
difficiles de
Plusieurs techniques de télédétection ont été introduites dans le domaine des géosciences pour faciliter les

'évaluation des risques.

investigations de terrain conventionnelles, souvent dangereuses et longues, et leur application augmente de
facon exponentielle. Cependant, en raison de la complexité intrinséque des masses rocheuses, une procé-
dure standard compléte pour la caractérisation des masses rocheuses et I'évaluation des risques, impliquant
a la fois des enquétes de terrain conventionnelles et des techniques de télédétection, n'a pas encore été
proposée.

L'objectif principal de cette thése de doctorat est d'étudier I'applicabilité des méthodes de télédétection pour
la caractérisation des masses rocheuses dans des environnements complexes, en mettant |'accent sur leur
intégration avec les irremplacgables études géostructurales et géomécaniques conventionnelles, afin d'établir
des modeéles géomécaniques avancées pour des analyses de stabilité sophistiquées.

. La premiere partie de cette thése est informative et fournit un arriére-plan solide des techniques et
méthodes (par exemple, caractérisation de le discontinuitée, systemes de classification des masses ro-
cheuses, mécanismes d'instabilité et application des techniques de télédétection) abordées dans la these,
ainsi qu'une illustration de la démarche de recherche.

. La deuxiéme partie de cette these est consacrée a une revue critique des techniques de télédétection
les plus utilisées pour l'investigation des pentes rocheuses dans des conditions complexes : Le Terrestrial
Laser Scanner (TLS), la Structure from Motion terrestre et réalisée parUnmanned Aerial Vehicle (UAV) et la
thermographie infrarouge (IRT). Pour réaliser cette recherche, un cas d'étude cétier affecté par une morpho-
logie complexe, avec un développement intense de processus karstiques et d'altération, la présence de vé-
gétation méditerranéenne, dans un contexte fortement fréquenté par les touristes, a été sélectionné.

En détail, une comparaison quantitative des trois premieres méthodes de caractérisation des falaises ro-
cheuses a partir de nuages de points, avec une attention particuliére apportée a leur précision pour |'extrac-
tion et la caractérisation des discontinuités, ainsi que pour la surveillance des falaises rocheuses, est présen-
tée. Il a été constaté que les nuages de points générés par la photogrammeétrie terrestre ou par drone sont
sujets a des "distorsions" si les points de contréle ne peuvent pas étre répartis uniformément sur le terrain
en raison de contraintes morphologiques. En ce qui concerne la précision, la photogrammétrie terrestre au
moyen d'appareils photo numériques courants peut étre utilisée pour une caractérisation préliminaire,
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sachant que le TLS et le drone ont des précisions similaires. L'utilisation d'une technique plut6t que l'autre a
des fins de surveillance dépend des objectifs de I’étude : alors que le TLS fournit des mesures de déformation
plus précises et des estimations du volume des éboulements, les systemes UAV couvrent une plus grande
surface et permettent une interprétation plus facile par comparaison directe avec des photos a haute réso-
lution. Cet aspect est important dans les masses rocheuses ou les arbustes ne sont pas facilement reconnais-
sables sur les nuages de points. En ce qui concerne la caractérisation des discontinuités, les trois nuages de
points ont fourni approximativement les mémes résultats, cependant la technique UAV s'est avérée plus
fiable car il n'était pas affecté par les occlusions. Cette partie du manuscrit présente une analyse critique des
avantages et des limites non seulement des différentes techniques de télédétection, mais aussi des diffé-
rentes plateformes (ex. caméras au sol ou systemes UAV). Bien que quelques travaux soient rapportés dans
la littérature sur l'utilisation des techniques de télédétection pour la caractérisation des massifs rocheux,
cette partie de la these porte sur leur comparaison quantitative et leur optimisation en milieu carbonaté et
cotier, soumis a des problématiques particulieres.

La deuxiéme analyse concerne |'applicabilité de la technique IRT pour la caractérisation des pentes ro-
cheuses. Une surveillance de 24 heures a été effectuée sur I'étude de cas, et couplée a des systémes de
drones pour détecter les discontinuités et les vides. En outre, les profils de température air-roche extraits
des thermogrammes ont été alignés sur des photos haute résolution afin d'obtenir directement des informa-
tions sur la topographie, la lithologie, le degré de jointure et I'indice de résistance géologique (GSI) de la
masse rocheuse. Cette section offre de nouvelles perspectives sur une technique encore en développement
et propose une méthodologie innovante pour acquérir des informations utiles (quoiqu’avec certaines limites)
méme si les conditions sur site ne sont pas favorables, avec la possibilité d'utiliser des techniques IRT dans
des zones inaccessibles.

La derniére section de cette partie de la thése est consacrée aux analyses bidimensionnelles de traces de
discontinuités a partir de photos orthorectifiées issues de techniques de télédétection. Les analyses bidimen-
sionnelles sont recommandées pour les pentes rocheuses a faible relief, subhorizontales ou subverticales,
car I'extraction des discontinuités a partir de nuages de points est affectée par le sous-échantillonnage. Ce-
pendant, malgré plusieurs progrés réalisés pour la caractérisation 3D a partir de nuages de points, les ana-
lyses 2D restent identiques aux méthodes fastidieuses proposées dans la littérature il y a quelques décennies.
Les implémentations numériques récentes ne sont pas accessibles au public ou ne permettent pas une ca-
ractérisation compléte des discontinuités. Par conséquent, les méthodes proposées dans la littérature ont
été adaptées a un environnement numérique afin de réaliser une caractérisation quantitative plus rapide des
discontinuités. A cette fin, une routine MATLAB accessible au public a été développée, capable de classer les
traces de discontinuité en ensembles de discontinuité et de calculer leur orientation moyenne, leur espace-
ment, la longueur des traces et leur persistance, ainsi que leurs distributions probabilistes. En outre, des
informations sur le réseau de fractures sont fournies au moyen d'estimateurs de l'intensité, de la densité et
de la longueur des traces, du volume de bloc et de la forme de bloc. La routine a été construite sur un en-
semble de données synthétiques, puis appliquée sur la carte de discontinuité de |I'étude de cas et validée au
moyen d'études de terrain géostructurales et géomécaniques conventionnelles sur la méme zone.

. Dans la troisieme partie de ce manuscrit, I'objectif global de la recherche doctorale est atteint. Une
méthodologie complete d'évaluation de la stabilité des masses rocheuses par l'intégration de techniques de
télédétection et d'études géostructurales et géomécaniques conventionnelles est proposée et appliquée a
I'étude de cas. Un modéle géomécanique 3D avancé a été généré, basé sur les résultats du traitement et de
I'interprétation des nuages de points, des enquétes de terrain et des tests de laboratoire pour la caractérisa-
tion physique et mécanique des matériaux rocheux. Les analyses cinématiques ont permis une premiére éva-
luation des ruptures potentielles sur le site d’étude, puis les mécanismes de rupture typiques ont été détec-

tés au moyen d'inspections sur le terrain et de té
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édétection. Par la suite, le modele géomécanique a été
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utilisé pour effectuer des analyses numériques de stabilité en 3 et 2 dimensions. A ce stade, la méthode des
éléments finis (FEM), qui est couramment utilisée en raison de sa polyvalence pour modéliser une large
gamme de masses rocheuses continues et discontinues sans hypotheses sur les mécanismes de rupture, a
été utilisée pour valider la méthodologie développée par comparaison directe avec les mécanismes de rup-
ture observés sur le terrain. Deux approches différentes ont été testées et comparées I'une a l'autre, a la fois
pour les conditions actuelles et en simulant les processus de surface observés sur le terrain. Cette étude avait
pour but d'évaluer I'effet de la mise en ceuvre de discontinuités dans les méthodes FEM au moyen d'une
approche stochastique. Cependant, étant donné la complexité des mécanismes de rupture du site étudié,
des recherches supplémentaires sont suggérées comme perspectives futures. Cette derniére partie de la
thése integre toutes les investigations menées sur la zone d'étude et illustre comment différentes données
peuvent étre combinées pour obtenir des analyses de stabilité fiables et avancées, soulignant lI'importance
des données d'entrée et les difficultés de production et d'interprétation des résultats.






Sintesi

| fenomeni di instabilita in ammassi rocciosi costituiscono un rischio significativo per la societa e pos-
sono causare danni ingenti alle infrastrutture antropiche o al patrimonio naturale, culturale o storico
di siti protetti e, soprattutto, mettere in pericolo la popolazione, anche nel caso di volumi coinvolti
limitati. Sebbene i volumi maggiori sianotipicamente mobilitati in aree montuose, diversi episodi si
verificano sporadicamente lungo le falesie costiere, anche come conseguenza dei cambiamenti cli-
matici in corso. Il rischio idrogeologico & particolarmente elevato qualora i processi di instabilita av-
vengano in zone urbane o turistiche.

Sia i metodi tradizionali che quelli pil avanzati per la valutazione della pericolosita da frana dei ver-
santi in roccia necessitano di una comprensione completa del comportamento complessivo degli
ammassi rocciosi e dei processi endogeni ed esogeni in corso. A causa della natura anisotropa, diso-
mogenea, discontinua e non elastica degli ammassi rocciosi, le analisi di stabilita richiedono neces-
sariamente un'adeguata caratterizzazione dell’'oggetto in esame. Inoltre le discontinuita hanno un
ruolo chiave sul comportamento meccanico degli ammassi rocciosi e la loro individuazione e de-
scrizione quantitativa rappresentano uno degli aspetti pil impegnativi nella valutazione della
pericolosita.

Diverse tecniche di remote sensing sono state introdotte nelle Geoscienze per supportare i rilievi
geostrutturali e geomeccanici convenzionali, spesso dispendiosi e caratterizzati da un’elevata diffi-
colta, tanto darisultare in un aumento esponenziale della loro applicazione negli ultimi anni. Tuttavia,
a causa della complessita intrinseca degli ammassi rocciosi, non ¢ stata ancora proposta una proce-
dura standard completa per la caratterizzazione degli ammassi rocciosi e la valutazione della
pericolosita da frana, che combini sia i rilievi convenzionali sul campo che le tecniche di remote sens-
ing.

La presente tesi di dottorato ha come obiettivo principale lo studio dell’applicabilita delle tecniche di
remote sensing per la caratterizzazione degli ammassi rocciosi in ambienti complessi, con particolare
riferimento alla loro integrazione con i metodi geostrutturali e geomeccanici convenzionali, al fine di
realizzare modelli geomeccanici avanzati per sofisticate analisi di stabilita.

° La prima parte di questa tesi e di tipo informativo e fornisce un solido background delle tec-
niche e dei metodi (es. caratterizzazione della discontinuita, sistemi di classificazione degli ammassi
rocciosi, meccanismi di instabilita ed applicazione delle tecniche di remote sensing) affrontati nella
dissertazione, nonché un’illustrazione dell’approccio di ricerca.

° La seconda parte del manoscritto riguarda i test, la validazione e |'ottimizzazione di diverse
tecniche di remote sensing per la caratterizzazione degli ammassi rocciosi e presenta un tool digitale
innovativo per I'analisi 2-D delle discontinuita.

Nello specifico, il primo argomento riguarda un esame critico delle tecnologie di remote sensing piu
utilizzate per lo studio di pendii in roccia in condizioni complesse: Terrestrial Laser Scanning (TLS),
fotogrammetria terrestre e da sistemi Unmanned Aerial Vehicle (UAV) e InfraRed Thermography (IRT).
A tal fine, & stato individuato un caso di studio in ambiente costiero interessato da morfologia
complessa, processi carsici, weathering, presenza di vegetazione mediterranea ed attivita antropiche.

Xi



Sintesi

Nello specifico, e riportato un confronto quantitativo dei primi tre metodi citati per la caratter-
izzazione degli ammassi rocciosi da nuvole di punti, con particolare riferimento alla loro accuratezza
per I'estrazione e la caratterizzazione delle discontinuita ed al monitoraggio dei versanti. E stato os-
servato che le nuvole di punti generate dalla fotogrammetria terrestre o da tecnologie UAV sono
soggette a "distorsioni" se i punti di controllo non possono essere distribuiti uniformemente sul
campo a causa di limitazioni morfologiche. Per quanto riguarda I'accuratezza, la fotogrammetria ter-
restre condotta tramite comuni fotocamere digitali puo essere utilizzata per una caratterizzazione
preliminare, mentre i metodi TLS e UAV hanno maggiori accuratezze, simili tra loro. La preferenza di
utilizzo di una determinata tecnica, piuttosto che di un’altra ai fini del monitoraggio, dipende dagli
obiettivi del rilievo: mentre il TLS fornisce misure pit accurate di deformazione e stime dei volumi
mobilitati, i sistemi UAV coprono un'area pil ampia e permettono una piu facile interpretazione dei
risultati mediante il confronto diretto delle foto ad alta risoluzione. Questo aspetto € fondamentale
per lo studio di versanti rocciosi interessati dalla presenza di arbusti difficilmente riconoscibili sulle
nuvole di punti. Per quanto concerne la caratterizzazione delle discontinuita, le tre nuvole di punti
hanno fornito sommariamente gli stessi risultati, tuttavia la tecnica UAV e risultata piu affidabile in
guanto non affetta da occlusioni (zone d'ombra). Questa parte del manoscritto presenta un'analisi
critica dei vantaggi e dei limiti non solo delle diverse tecniche di remote sensing, ma anche delle
diverse piattaforme (es. fotocamere da terra o sistemi UAV). Sebbene in letteratura siano riportati
alcuni lavori sull'uso delle tecniche di remote sensing per la caratterizzazione degli ammassi rocciosi,
guesta parte della tesi si concentra sul loro confronto quantitativo e sulla loro ottimizzazione in am-
bienti carbonatici e costieri, soggetti a particolari problematiche.

La seconda analisi riguarda I'applicabilita della tecnica IRT per la caratterizzazione degli ammassi roc-
ciosi. Al fine di identificare le discontinuita e le cavita presenti nel caso di studio, & stato eseguito un
monitoraggio di 24 ore supportato dai sistemi IRT ed UAV. | profili di temperatura all'interfaccia aria-
roccia estratti dai termogrammi sono stati allineati con foto ad alta risoluzione per estrarre informa-
zioni su topografia, litologia, grado di fratturazione e Geological Strength Index (GSI) dell'ammasso
roccioso. Questa sezione offre nuovi spunti su una tecnica ancora in sviluppo e propone una metod-
ologia innovativa per acquisire informazioni utili (sebbene con alcuni limiti) anche se le condizioni in
sito non sono favorevoli, con la possibilita di utilizzare tecniche IRT in aree inaccessibili.

L'ultima sezione di questa parte della tesi € dedicata alle analisi 2-D delle tracce delle discontinuita
da ortofoto generate tramite remote sensing. Le analisi bidimensionali sono indispensabili per
ammassi rocciosi a basso rilievo, sub-orizzontali o sub-verticali, in quanto I'estrazione delle disconti-
nuita dalle nuvole di punti & soggetta a sotto-campionamento. Nonostante siano disponibili diversi
metodi per la caratterizzazione 3-D dalle nuvole di punti, le analisi 2-D, proposte in letteratura alcuni
decenni fa, sono obsolete e richiedono tempi lunghi. Alcuni progressi sono stati raggiunti tramite I'imple-
mentazione dei metodi classici in ambiente digitale, ma tali prodotti non sono accessibili liberamente e/o
non forniscono una caratterizzazione completa delle discontinuita. Di conseguenza, nell’ambito di
questa tesi, i metodi proposti in letteratura sono stati adattati ad un ambiente digitale per eseguire
caratterizzazioni quantitative delle discontinuita piu rapide ed avanzate. A questo scopo é stata svilup-
pata una routine MATLAB disponibile al pubblico, in grado diclassificare le tracce in set di discontinu-
ita e calcolare, per ognuno di essi, i valori medi di orientazione, spaziatura, lunghezza della traccia e
persistenza, oltre a riportare le distribuzioni probabilistiche di tali proprieta. Inoltre, la routine for-
nisce informazioni sul fracture network per mezzo di estimatori di intensita, densita e lunghezza delle
tracce, volume e forma dei blocchi. Tale routine & stata implementata utilizzando un dataset sintetico
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e successivamente applicata alla mappa delle discontinuita di un settore del caso studio. La procedura
e stata infine validata per mezzo di indagini geostrutturali e geomeccaniche convenzionali in situ nella
stessa area analizzata digitalmente.

. Nella terza parte di questo manoscritto viene raggiunto I'obiettivo principale dellaricerca. Nel
dettaglio, & riportata una procedura per la valutazione di stabilita di ammassi rocciosi mediante I'in-
tegrazionedi tecniche di remote sensing e di rilievi convenzionali geostrutturali e geomeccanici,
sviluppata nel caso di studio. Sulla base dei risultati inerenti I'elaborazione e l'interpretazione delle
nuvole di punti, le indagini sul campo e le conseguenti prove di laboratorio per la caratterizzazione
fisica e meccanica dei materiali rocciosi, & stato prodotto un modello geomeccanico 3-D sofisticato.
Una prima valutazione dei potenziali fenomeni di instabilita del caso studio & stata effettuata appli-
cando delle analisi cinematiche, seguite dall’individuazione dei tipici meccanismi di instabilita tramite
indagini in situ e studi dei prodotti restituiti dal remote sensing. In seguito, il modello geomeccanico
e stato utilizzato per eseguire analisi di stabilita 3-D e 2-D di tipo numerico. In questa fase, il Metodo
degli ElementiFiniti (FEM), comunemente usato per la sua versatilita nel modellare diversi ammassi
rocciosi continui e discontinui, senza presupposti sui meccanismi di rottura, & stato utilizzato per val-
idare la metodologia sviluppata attraverso un confronto diretto con i processi di instabilita individuati
sul campo. Sia le condizioni attuali del caso di studio, sia processi superficiali osservati in campagna, sono
stati simulati mediante due diversi approcci (continuo e discontinuo), successivamente confrontati
tra loro. Questa procedura é stata eseguita per valutare I'effetto dell'implementazione della discon-
tinuita nei metodi FEM generate con un approccio stocastico. Tuttavia, considerando la complessita
dei meccanismi di instabilita del caso di studio, potrebbero essere opportune ulteriori ricerche sono
suggerite come prospettive future. Questa parte finale della dissertazione integra tutte le indagini
svolte sull'area di studio e illustra come diversi dati possano essere combinati per ottenere analisi di
stabilita affidabili e avanzate, sottolineando I'importanza dei dati di input e le difficolta nel produrre
ed interpretare i risultati.
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Chapter 1 Introduction

1.1.  Scope and problem definition

Rock slope stability analyses are fundamental to design functional interventions in civil applications
and for hazard assessment of natural and artificial slopes, as well as to understand the processes and
mechanisms driving potential instabilities. At present, several approaches (e.g. kinematic analyses,
limit equilibrium techniques, sophisticated numerical methods) exist to perform stability analyses
depending on the site conditions and on the scale of the problem (Edelbro 2003), but they all aim at
the following main objectives (Eberhardt 2003):

e To determine the rock slope stability conditions;

e Toinvestigate potential failure mechanisms;

e To evaluate the effect of different processes on slope stability;

e Totest and compare different support and stabilization measures;

e To design optimal excavated slopes in terms of safety, reliability and economics.

Undoubtedly, efficient stability analyses require a proper conceptualization of the examined slope,
which concerns the definition of the strength properties of the rock materials, the identification and
characterization of structural features (e.g. faults, joints, bedding planes), and of the endogenic and
exogenic processes which can perturbate the system. In this perspective, it is evident that, whatever
the chosen technique, a comprehensive rock slope characterization is fundamental to achieve reliable
results.

In the last decades, remote sensing techniques such as Ligth Detection and Ranging (LiDAR), terres-
trial or Unmanned Aerial Vehicle (UAV)-supported Photogrammetry, and InfraRed Thermography
(IRT) were introduced in the field of rock slope investigation to collect geological data over large areas
and in relatively short time. The integration of remote sensing techniques allows geoscientists and
engineers to overcome most of the limitations which the traditional field methods are subjected to
(e.g. large areas, adverse weather conditions, inaccessibility, safety issues). Current technologies are
able to provide high-resolution 3-D models of rock slopes that are widely used for rock slope charac-
terization, focusing on the extraction of discontinuities and of their properties.

Despite several technologies and methods for rock slope investigation were introduced in the scien-
tific community, some gaps emerged from a detailed literature review of the traditional and remote-
sensing approaches for rock mass characterization, as well as of different stability analysis techniques.
It is believed that a comprehensive state of the art of the different topics discussed in this thesis
(Chapter 2) should be accomplished before outlining the specific objectives of this research, which
are described in Section 2.7.

In summary, the main gaps delineated in the literature review are the following:
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e Only afew studies dealt with the quantitative comparative analysis of different remote sens-
ing techniques, in order to assess if they are interchangeable, or which ones are more appro-
priate according to the site conditions.

e Being the use of IRT techniques for rock mass characterization quite recent and still under
development, further investigations should be performed to explore its applicability in com-
plex conditions (e.g. urban or rural areas).

e  When dealing with low-relief or sub-vertical outcrops, the quantitative characterization of
discontinuities from point clouds is limited to a few sampled surfaces, as most of them are
visible in the form of discontinuity traces. However, although many methods for discontinuity
characterization from 3-D models exist, notorious 2-D approaches are stuck to about twenty
years ago, and need to be updated in a digital system.

e Finally, even if sophisticated 3-D models can be provided through the combination of tradi-
tional field surveys and remote sensing products, as well as accurate quantitative discontinu-
ity characterization, their integration to set up advanced geomechanical models for sophisti-
cated stability analyses is still little explored.

Based on these observations, the main goal of this PhD thesis is to develop a methodology to assess
rock mass stability through the integration of conventional geostructural and geomechanical surveys
and remote sensing techniques.

1.2.  Project history

This PhD thesis started in November 2018 and was carried out in the form of co-tutorship under the
supervision of University Aldo Moro of Bari (Italy) and University of Lausanne (Switzerland). Whilst
the first year of PhD was dedicated to the literature review, choice of the case study, and the man-
agement of bureaucratic issues related to the co-tutorship modality, the second year was devoted to
the field work and data processing. During the third year, in addition to the processing refinement, a
critical phase of results interpretation was performed and continuously updated, until developing the
methodology proposed in the final section.

1.3. Thesis outline

This PhD thesis is divided into three main parts and comprises 8 chapters. All chapters belonging to
Part Il and Part lll, which are preceded by an introductive section (Part I), were set up to be self-
contained and were designed for international journals. Among them, Chapter 4, Chapter 5 and Chap-
ter 6 have been published whilst Chapter 7 is going to be submitted in the form of two papers. Parts
I-11l are followed by the last chapter (Chapter 8) which reports the conclusion and future perspectives.
The thesis outline is as follows (Figure 1.1):

- PART I: Background
Following this introduction chapter, Part | comprises:
- Chapter 2: Methods and research approach

This section covers the literature review and the methodological background of the themes discussed
throughout the dissertation. Since a specific introductory section is provided for each of the following
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chapters, dealing with different topics, this section provides a general overview. The first section re-
ports a review of the methods for quantitative characterization of discontinuities and of their use for
rock mass characterization, as well as a summary of the failure mechanisms of rock slopes. The sec-
ond section deals with the principles of remote sensing techniques (LiDAR, Photogrammetry, IRT) and
on the methods for rock slope characterization using point clouds and triangulated surfaces. The third
section illustrates the most used methods for rock mass stability analysis, from traditional limit equi-
librium approaches to the most advanced numerical techniques.

PART |

Chapter 1: Introduction

Chapter 2: Methods and
research approach

Chapter 3: Case study

PART Il -

Chapter 4: Comparison of Remote Sensing techniques for
geostructural analysis and cliff monitoring in coastal areas of
high tourist attraction: the case study of Polignano a Mare
(southern Italy)

Chapter 5: Evaluation of InfraRed Thermography Supported by
UAV and Field Surveys for Rock Mass Characterization in
Complex Settings

Chapter 6:QDC-2D: A semi-automatic tool for 2D analysis of
discontinuities for rock mass characterization

PART lIlI '

Chapter 7: Multidisciplinary approach for stability analyses of
rock masses: integration of field surveys, remote sensing
techniques and numerical modelling

Chapter 8: Conclusion and future perspectives

Figure 1.1: Flowchart of the thesis structure.
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The last part of this chapter provides a detailed summary of the questions and potential improve-
ments arose during the literature review and of the specific goals of the thesis.

- Chapter 3: Case study

In this chapter, a comprehensive description of the case study is given. The final section explains the
reasons that led to the choice of the site to conduct the research. It is remarked that each chapter in
Part Il and Part Il presents a study carried out on the same site, which was analyzed from different
perspectives to achieve different goals. For this reason, this manuscript may be redundant with re-
gard to the site description. However, it is specified that each chapter, which is supposed to be self-
contained, reports only the information relevant to address the discussed topic, whilst Chapter 4
provides an overall description to contextualize the case study in a broader context.

- PART II: Remote Sensing

This part aims at investigating the application of remote sensing approaches for rock slope character-
ization, with focus on the questions posed in Chapter 2. More in detail, this part comprises three
chapters, which are described below.

- Chapter 4: Comparison of Remote Sensing techniques for geostructural analysis and cliff moni-
toring in coastal areas of high tourist attraction: the case study of Polignano a Mare (southern
Italy)

This chapter, which was published as a technical note in Remote Sensing — Special Issue Remote Sens-
ing for Rock Slope and Rockfall Analysis in December 2021, compares Terrestrial Laser Scanning (TLS),
terrestrial and UAV-based photogrammetry and IRT techniques for rock slope geostructural analyses
and monitoring. Particular emphasis was given to the quantitative assessment of the generated point
clouds, to application of two semi-automatic methods to extract and characterize the discontinuities,
and to detection of rockfalls by means of multi-temporal acquisitions. After the validation by means
of conventional geostructural field surveys, the pros and cons of each method were outlined.

- Chapter 5: Evaluation of InfraRed Thermography Supported by UAV and Field Surveys for Rock
Mass Characterization in Complex Settings

In this chapter, which was published as a communication in Geosciences in March 2022, the use of
IRT technique for carbonate rock mass characterization in complex conditions (e.g. poor accessibility,
vegetation, human interventions) is discussed. Specific investigations are reported to assess the IRT
applicability, what type of information can be collected, and what are its main advantages and limi-
tations.

- Chapter 6: QDC-2D: A semi-automatic tool for 2D analysis of discontinuities for rock mass char-
acterization

This chapter was published as an original article in Remote Sensing — Special Issue 3D Point Clouds in
Rock Mechanics Applications in December 2021 and deals with the development of a publicly availa-
ble MATLAB routine to perform quantitative discontinuity characterization by means of stochastic
analyses of discontinuity traces. The time-consuming methods presented in the literature since the
eighties were implemented in a digital environment to speed up the process and analyze more data,
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hence achieving statistical significance. This chapter illustrates in which cases the proposed routine
is preferred to point clouds or meshes analyses, as well as the procedures to pre-process the Digital
Outcrop Models (DOMs) in order to carry out the 2-D analysis.

- PARTIII: Integration of remote sensing and conventional surveys for advanced stability analyses

This part aims at linking the different themes faced in Part Il and to combine them with the conven-
tional geostructural and geomechanical methods for rock slope stability analysis. It is formed by the
penultimate chapter of this manuscript.

- Chapter 7: Multidisciplinary approach for stability analyses of rock masses: integration of field
surveys, remote sensing techniques and numerical modelling.

This chapter reports the developed procedure for rock slope stability analyses based on the combi-
nation of traditional field surveys, remote sensing data, 2-D and 3-D numerical modelling by means
of stochastic approaches. Given the large amount of data due to interdisciplinary character of this
study, this chapter is divided in two smaller sections (sections 7.3-7.7 and section 7.8) for submission
to an international journal. The first part of the method describes the set-up of an innovative 3-D
geomechanical model which includes the results of the previous chapters, as well as the physical and
mechanical properties of both rock materials and discontinuities. The second part concerns the sta-
bility analyses carried out using the geomechanical model by means of 2-D and 3-D numerical mod-
elling, with focus on the effects of discontinuity implementation with respect to continuum-based
approaches. In addition, different surface processes detected by means of conventional and remote
sensing surveys were simulated to observe the stability of the case study in different scenarios, and
to observe the failure mechanisms.

- Chapter 8: Conclusion and future perspectives

Since Chapters 4-7 individually present a discussion section, this last chapter summarizes the major
findings of this study in relation to the research rationale, and discusses future developments for the
proposed methodology.






Chapter 2 Methods and research approach

2.1. Discontinuities

2.1.1. Definition

Rock slope discontinuities play a key role in strength, deformability and permeability of rock masses,
and exhaustive understanding of their properties is crucial to assess the stability of the medium (Hoek
and Bray 1981; Hudson and Harrison 2000). As described by Priest (1993), discontinuities are all sig-
nificant mechanical breaks or fractures of negligible tensile strength, low shear strength and high fluid
conductivity in rocks, regardless of their age, geometry and origin.

2.1.2. Types of discontinuities and field sampling techniques

The types and properties of discontinuities are discussed in many books, to which reference is made
for more extensive information (Fookes and Denness 1969, 2015; Piteau 1973; Attewell and Farmer
2012; Baecher and Lanney 1978; ISRM 1978; Priest and Hudson 1981; Blyth and De Freitas 1984,
2017; Priest 1993; Wyllie 1999, 2017; Hills 2012; Price 2016).
According to their origin, discontinuities can be classified as:

e Bedding planes: extensive discontinuities in sedimentary rock masses determined by inter-
ruptions in the sedimentation. Bedding planes are generally parallel to each other but can be
folded during the deformation processes.

e Faults: discontinuities with identifiable relative displacements on the opposite sides of the
fault plane.

e Joints: discontinuities with no visible relative displacement, often arranged in groups of par-
allel or subparallel structures, to form joint sets. Joints are the result of several geological
processes related to the stresses induced, for instance, by rapid cooling of basaltic lava flows
(columnar joints), diurnal temperature changes, geologic uplift or tectonic processes.

e Foliation: planar surfaces produced by the recrystallization and parallel alignment of platy
minerals during metamorphism.

e Fractures and cracks: in the literature, these terms are related to brittle mechanisms, but
they do not have a unique definition. According to Priest (1993), the words “fracture” and
“crack” are used as synonyms of the term “discontinuity” in general and colloquial speech.

In common practice, quantitative characterizations of discontinuities are carried out following the
International Society for Rock Mechanics recommendations (ISRM 1978), aimed at determining 10
attributes (Figure 2.1):

1. Orientation: it represents the attitude of a discontinuity in space and is measured by means
of geologic compass and clinometer. In this PhD thesis, it will be defined by means of strike
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and dip direction/dip for in plan (top view imagery) and 3-D datasets (point clouds and trian-
gulated surfaces), respectively.
2. Set spacing: normal distance between two adjacent discontinuities belonging to the same
discontinuity set.
Persistence or continuity: length of the trace of a discontinuity observed in an exposure.
Roughness: degree of asperity of the discontinuity surface at different scales.
Wall strength: compressive strength of the exposed surface of a discontinuity.

o v kW

Aperture: orthogonal distance between the two opposite sides of an open discontinuity, filled

by air or water.

7. Infilling: material separating the two rock walls of a discontinuity. It can be made up of weaker
(i.e. soil, weathered material) or more resistant material (i.e. cement, veins).

8. Water seepage: presence of water inside a discontinuity or the whole rock mass.

9. Number of discontinuity sets: number of sets in which the discontinuity network is arranged.

10. Block size: dimensions of the rock blocks determined by intersecting discontinuities.
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Figure 2.1: Sketch illustrating the discontinuity properties to be collected for rock mass characterization (after
Wyllie 1999).

The two most applied sampling strategies to collect information on discontinuities in the field are the
scanline and the window surveys. The first approach consists in placing an imaginary or physical line
on an exposed rock face representative for the study area and acquiring data on all the discontinuity
traces that intersect the line. According to Priest (1993), 150-350 discontinuities, of which half with

8
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at least one termination visible, should be analyzed in order to obtain statistical significance. The
scanline should be long enough compared to size and spacing of the discontinuities. For instance,
Priest and Hudson (1976) suggest that the length of the linear sample should be at least 50 times the
mean discontinuity set spacing. With regards to the number of scanlines, it is recommended to apply
at least three sampling lines orthogonal to each other (Priest, 1993). Further description and discus-
sions on scanlines are reported by La Pointe and Hudson (1985), Villaescusa (1992), Priest (1993) and
Windsor (1997).

The window sampling is a bi-dimensional analysis aimed at collecting information on the discontinu-
ities whose traces intersect or are located in a rectangular window. As for the scanline, the size of the
window should be appropriate, so that at least 30-100 discontinuities intersect each side (Priest,
1993). To avoid under-sampling of the discontinuities parallel to the sampled surface, a second win-
dow should be placed perpendicularly to the first one.

2.1.3. Quantitative discontinuity characterization

2.1.3.1. Orientation
After the data collection, the orientations of the sampled discontinuities are commonly plotted on
stereonets with the support of specific softwares. Stereographic projections allow to represent a pla-
nar surface as a point in the circle of geographical azimuth directions, with the north generally corre-
sponding to azimuth=0°(Phillips 1955; Goodman 1976; Kalkani and von Frese 1980; Duncan 1981).
Contouring plots help to identify the main discontinuity sets by individuating group of poles (clusters)
by eye. Several clustering algorithms were introduced in the literature to avoid personal biases in
order to identify the discontinuity sets in a more objective way (Miller 1983; Mahtab and Yegulalp
1984; Harrison 1992; Kulatilake 1993). The orientation of a discontinuity can also be expressed in
vectorial form by converting the dip direction and dip in the Cartesian components uy, uy, u, of the
discontinuity normal (pole) (Figure 2.2).
ﬂ-"lr—{‘
direction

x — Horizontal north

N\

\
)X

) - :.‘:t-r (“/B)

z - Vertical down

Figure 2.2: Discontinuity orientation. (a) measurement of dip/dip direction of a discontinuity (after ISRM 1978);
(b) contour pole of three discontinuity sets by means of stereographic projections (after ISRM 1978); (c) vecto-
rial representation of a discontinuity (after Zhang 2016).

With regards to measurements of the orientations along a scanline, several authors pointed out that
any sampling line has a major probability of intersecting discontinuity traces perpendicular to its di-
rection, and a probability of intersecting parallel discontinuities close to zero (Baecher 1983; Kulatil-
ake and Wu 1984b). This issue is less problematic for the window sampling technique, in which all
the traces partially located in the sampling area are recorded. For mono-dimensional analyses,
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Terzaghi (1965) proposed to compensate this effect, known as orientation bias, by multiplying the

vector of each discontinuity by a correction factor w:
1
= Eq. 2.1
W= s (for6 < 0) q

where 6 is the acute angle between the discontinuity normal and the sampling line (Figure 2.3).

\ discontinuities

S

9,

’)/',;_

Figure 2.3: Application of Terzaghi's correction factor to correct orientation biases (modified after Terzaghi
1965).

Geostatistic approaches are traditionally applied to derive the probability distribution of the orientation of a
dataset. The simplest and most used probability function is represented by the Fisher’s model, which is based
on the assumption that the orientations of a discontinuity set are symmetrically distributed around a mean
value:

K sin@ ekKcos8
() = KoK Eq. 2.2

_eK
where O is the angular deviation from the mean vector and K is the Fisher constant. This parameter
gives an estimation of the degree of clustering: a small value of K is attributable to a large cluster and
therefore to more dispersed orientations. Asymmetric datasets can be better defined using more
complex probability distributions, such as bivariate Fisher, Bingham, bivariate normal and bivariate
normal distribution (Shanley and Mahtab 1976; Kulatilake 1985, 1986). However, Einstein and co-
workers (Einstein et al. 1979) performed goodness-of-fit tests on different distributions and demon-
strated that not all the datasets agree with the current analytical models. As pointed out by Zhang
(2016), empirical distributions might be a reasonable compromise for orientations that do not fit well
with the models proposed so far.

2.1.3.2. Spacing

Generally speaking, the discontinuity spacing is the distance between two adjacent discontinuities
along a scanline. Priest (1993) specifies that this parameter can be named set spacing if the measure-
ment is carried out along discontinuities belonging to the same set, and normal set spacing if it is
calculated along a scanline perpendicular to the mean orientation of the set. If the sampling line is
not perpendicular to the mean direction of the discontinuity set, an apparent value Sy will be ob-
tained. The normal set spacing S, can be calculated by applying Terzaghi’s correction:

S, = S4cosd Eq. 2.3

10
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The classification of the discontinuity spacing proposed by ISRM (1978) is illustrated in Table 2.1.

Table 2.1: Classification of discontinuity spacing according to ISRM (1978).

Description Spacing (mm)
Extremely close spacing <20

Very close spacing 20-60

Close spacing 60-200
Moderate spacing 200-600
Wide spacing 600-2000
Very wide spacing 2000-6000
Extremely wide spacing >6000

Since discontinuity spacings do not have a unique value, many authors investigated their distribution
by plotting histograms in order to determine their probability density distribution. The most common
distribution forms used in the literature for homogeneuous and isotropic materials are the lognormal
and the negative exponential (Rives et al. 1992). The negative exponential form, implicating that most
discontinuities are closely spaced whilst widely spaced discontinuities are less common, was intro-
duced by Priest and Hudson (Priest and Hudson 1976; Hudson and Priest 1979) who tested several
varieties of sedimentary rocks, and was later supported by Wallis and King (1980) and Einstein and
Baecher (1983), who worked respectively on porphyritic granites and on igneous, sedimentary and
metamorphic rocks. For instance, Figure 2.4 illustrates the discontinuity spacing histogram and the
fitted negative exponential law for the scanline strategy applied in a tunnel in Lower Chalk at Chinnor,
UK (Priest and Hudson 1976).

The frequency f(x) for a given discontinuity spacing value s is given by:

(60 = (e w2

and the associated cumulative probability F(x) that a given spacing value will be less than the dimen-
sion x is given by:

- Eq. 2.5
F(x)=1-—(e™¥%) 9
where x is the measured value of spacing and X is the mean spacing.
12 r total scanline length = 514.57 m
mean spacing = 0.105 m

10t standard deviation = 0.113 m
h number of values = 4884
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4 F negative exponential
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72 F distribution A = 9.488 m-1
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Figure 2.4: Discontinuity spacing histogram and corresponding negative exponential distribution at Lower
Chalk, UK (after Priest and Hudson 1976).

Different spacing distributions for anisotropic or layered rock masses, where the propagation of
“stratabound” fractures is driven by pre-existing structures such as lithological contacts (Gillespie et
al. 1999; Odling et al. 1999; Roy et al. 2010) are described in the literature (Bistacchi et al. 2020).

2.1.3.3. Discontinuity abundance

Discontinuity abundance is of paramount importance to characterize the discontinuity network af-
fecting a rock mass. Discontinuity intensity can be expressed in terms of 1D, 2-D or 3-D measure-
ments, by means of linear, areal and volumetric frequency, respectively (Dershowitz and Herda 1992)
(Figure 2.5). The linear frequency Pio is the reciprocal of the spacing and can be referred to as set
frequency or normal set frequency. The areal frequency P,1 is the number of discontinuity traces per
unit sampling area, while the volumetric frequency Ps, is the number of discontinuities per unit vol-
ume. Discontinuity abundance can be described by means of discontinuity density as well. Infor-
mation on the methods for its estimation can be found in Dershowitz and Herda (1992).
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Figure 2.5: Fracture abundance measures (after Mauldon and Dershowitz 2000).

2.1.3.4. Persistence

The term persistence is used to express the areal extent of a discontinuity and gives an estimation of
the rock bridges percentage, which are sectors of unfractured rock contributing to the stability of
rock masses. A rough estimation of the extension of rock bridges can be obtained on the basis of
discontinuity terminations. As illustrated in Figure 2.6, discontinuities can terminate in intact rock
(non-persistent discontinuities), against another discontinuity (abutting discontinuities) or can be

12
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obscured if the endpoints are located outside the rock exposure (persistent discontinuities) (ISRM
1981; Ulusay 2015). The termination index T; proposed by the ISRM (1978) is given by:

Eq.
_ 100N, Iy
L7 NN +Ng -6
where N;, N, and Noare the number of discontinuities with terminations in intact rock (non-persistent
discontinuities), at other discontinuities (abutting) and obscured, respectively. The higher is T;, the
higher is the number of discontinuities.

abutting

on persist t

persistent

Figure 2.6: Examples of discontinuity persistence (modified after ISRM 1978).

Discontinuity persistence is one of the most difficult parameters to estimate in the field (Einstein et
al. 1983) and therefore it is common practice to approximate the discontinuity set persistence from
their modal lengths, as suggested by ISRM (1978). Discontinuity persistence can be classified accord-
ing to the system reported in Table 2.2.

Table 2.2: Classification of discontinuity persistence according to the modal trace length (after ISRM 1978).

Description Modal trace length (m)
Very low persistence <1

Low persistence 1-3

Medium persistence  3-10

High persistence 10-20

Very high persistence >20

2.1.3.5. Trace lengths

The trace lengths of discontinuities are fundamental to estimate the discontinuity size from scanline
or window mapping techniques, thus performing bi-dimensional analyses. For limited extent out-
crops it is common practice to measure the lengths of discontinuities located above or below the
scanline, referred as semi-trace lengths (Figure 2.7). Whether dealing with trace lengths or semi-trace
lengths, several authors illustrated sources of errors in their estimation (Baecher and Lanney 1978;
Einstein et al. 1979; Priest and Hudson 1981; Kulatilake and Wu 1984a; Priest 1993; Mauldon 1998;
Zhang and Einstein 1998; Zhang and Ding 2010). The sampling biases affecting these parameters are:

e Size bias: the probability that a scanline intersects a discontinuity trace is directly propor-
tional to its trace length. For this reason, shorter traces tend to be undersampled.

13
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e Trimming bias: traces smaller than a certain threshold are difficult to be identified. The terms
truncation and trimming refer respectively to the fact that the number of ignored traces is
recorded or not.

e Curtailment bias: long discontinuities are probable to terminate beyond the visible exposure
and their measurement is subjected to a cut-ff (cm in Figure 2.7).

/ concealed

upper limit
of exposure

—a scanline

lower limit
concealed of exposure

concealed

Figure 2.7: Curtailed trace-lengths due to a limited extent of the outcrop (after Priest and Hudson 1981).

To avoid the curtailment bias, Priest (1993) proposed the following formula to derive the corrected
trace length, which is in agreement with that presented by Warburton (1980):

. _f“lh(l)dl £q. 2.7
il 0 H(C)

where pi_ is the theoretical length, h(l) is the probability density distribution and H(c) is a constant
depending on h(l). The author emphasizes that this approach can be applied only if the density distri-
bution is known; formulas to derive p; for uniform, triangular and negative exponential distributions
are presented in his paperwork. However, the topic of the trace length probability distribution is still
subject of debate and other researchers support lognormal and exponential models (Cruden 1977;
Einstein et al. 1979; Baecher 1983; Kulatilake 1993) (Figure 2.8).
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Figure 2.8: Histogram of discontinuity trace lengths, with best-fit exponential and lognormal curves (after Priest
and Hudson 1981).
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A method to estimate the corrected trace length independently from the type of distribution was
reported by Pahl (1981) and is based on the geometrical relationship between the discontinuities and
a rectangular sampling window (Figure 2.9). According to the author’s definition, the discontinuities
are said to be contained if they have both terminations inside the sampling window, dissecting if only
one termination is located inside the window and transecting if both the terminations are located
outside the window. The mean trace length is calculated as:
_ wh (g + ng — ny)
= (wcos @ + hsin®) (n,,, — ny + n,)

Eq. 2.8

where w and h are the length and height of the window, ng, n2 and n:.t are the number of transecting,
contained, and total discontinuities, respectively, and O is the acute angle between the discontinui-
ties and the height side of the window. As remarked by Priest (1993), the method is unsuitable when
all the discontinuities transect the window and when no discontinuities are contained in the window.
In the first case, since nit=no, the mean trace length would be infinite, whilst in the second case
(ntot=n2) the mean trace length would be zero.
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Figure 2.9: Estimation of the corrected trace length by means of Pahl’s method (1981).

2.1.3.6. Block ssize

The size of blocks is determined by the number of discontinuity sets, discontinuity spacing and per-
sistence. Where relatively regular discontinuity patterns exist, Dearman’s system (Dearman 1991)
can be used to determine the block shape (Figure 2.10). A method to classify the rock blocks according
to their volume was proposed by Palmstrgm (1996b) by means of the Block volume parameter V,
(Table 2.3).

|

Tabular blecks Rhombohedral blocks Columnar blacks

Figure 2.10: Examples of block shapes (after Dearman 1991).
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Table 2.3: Classification of block size by means of the Block volume parameter (after Palmstrgm 1996a).

Description Block volume Vi
Extremely small <10 cm?

Very small 10-200 cm?
Small 0.2-10 dm?
Moderate 10-200 dm?
Large 0.2-10 m?

Very large 10-200 m3
Extremely large >200 m3

2.1.4. Additional properties

Non-geometrical properties of discontinuities such as filling, seepage and weathering are fundamen-
tal to achieve a thoroughgoing discontinuity characterization. Since a large part of this manuscript is
dedicated to the characterization of the discontinuities by analysing data obtained by means of re-
mote sensing techniques, non-geometrical properties and millimetric scale geometrical properties
(i.e. roughness and aperture) will be briefly summarised.

2.1.4.1. Roughness

Discontinuity roughness represents the surface irregularity both on a small scale (i.e. waviness) and
on a large scale (i.e. unevenness) (Figure 2.11) and strongly influences the shear strength of the dis-
continuity itself (Patton 1966; Rengers 1970). Both types of roughness are estimated by means of
different methods, such as profilometers (Barton and Choubey 1977) and straight edge (Stimpson
1982). Large scale (several centimetres) and intermediate scale (several metres) roughness can by
classified following the ISRM system (1978) by comparing the roughness profile with standardized
profiles (Table 2.4).

Figure 2.11: Different scales of discontinuity roughness (after ISRM 1978).
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Table 2.4: Large and intermediate scale classification of discontinuity roughness (after ISRM 1978).

Class Description

| Rough, stepped

Il Smooth, stepped

]l Slickensided, stepped

v Rough, undulating

\'} Smooth, undulating

Vi Slickensided, undulating
Vil Rough, planar

Vil Smooth, planar

IX Slickensided, planar

2.1.4.2. Aperture

Discontinuity aperture is the result of shear displacement of rough surfaces, outwash of filling mate-
rial, tensile opening and solution processes. The aperture of a discontinuity influences its deforma-
bility, shear strength and hydraulic conductivity. The ISRM aperture classification system (1978) is
reported in Table 2.5.

Table 2.5: Classification of discontinuity aperture (after ISRM 1978).

Description Aperture (mm)
Very tight <0.1
“Closed features” Tight 0.1-0.25
Partly open 0.25-0.5
Open 0.5-2.5
“Gapped” features Moderately wide 2.5-10
Wide >10
Very wide 10-100

Open” features Extremely wide 100-1000

2.1.4.3. Wall strength

The compressive strength of discontinuities is a fundamental component of the shear strength and is
especially relevant for unfilled surface. This property is commonly measured by means of Schmidt
hammer tests.

2.1.4.4. Infilling, seepage and weathering

When dealing with filled discontinuities, the physical and mechanical properties of the infilling should
be determined in order to correctly define the discontinuity mechanical behaviour. In addition, care
should be taken to the presence of water within the discontinuity system, karstification processes
and weathering. With regards to the weathering, mechanical disintegration and chemical alteration
like solution can significantly reduce discontinuity strength and deformability, especially near the
ground surface. In addition, any karst processes should be considered because soluble rock solution
can develop through the main discontinuity systems and lead to the formation of conduits and caves,
thus causing anisotropy and significantly influencing the rock mass behaviour (Andriani and Parise
2015, 2017). Despite karst processes are not described in the ISRM guidelines for discontinuities
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guantitative analyses, in this manuscript it is strongly recommended to take them into account, as
karst occurs in around 20% of the emerged Earth’s surface (Parise et al. 2015a).

2.2.  Use of discontinuity information for rock mass characterization

This section will briefly illustrate how discontinuity properties are integrated in the most popular rock
mass classification systems used for the characterization of rock masses and the design of engineering
rock structures such as tunnels and underground excavations.

2.2.1. Rock Quality Designation (RQD)

The RQD system was introduced by Deere (1964) and is based on the estimation of the RQD index,
which can be determined from drill core logs or indirectly by using correlations such as the disconti-
nuity frequency (Priest and Hudson 1976). For instance, Palmstrgm (1996b) suggested the following
relationship to evaluate the RQD from the number of discontinuities per unit volume when no core
is available, but discontinuity traces are well visible in rock exposures:

RQD = 115 — 3.3Jy Eg. 2.9

where J, is the volumetric joint count (see Chapter 6).

As pointed out by Hoek (2007), the use of the volumetric joint count to determine the RQD index can
help reducing its direction dependence from the borehole orientation.

The rock mass quality is classified in 5 classes according to the RQD value (Table 2.6). As stated by
Zhang (2006), when considered alone the RQD index is not sufficient to achieve a comprehensive
understanding of the rock mass behaviour, because it does not take into account the discontinuity
properties. As a matter of fact, the RQD index is nowadays used as input parameter in other classifi-
cation systems.

Table 2.6: Rock Mass Quality according to the RQD System (after Deere 1964).

RQD (%) Rock Mass Quality
<25 Very poor

25-50 Poor

50-75 Fair

75-90 Good

90-100 Excellent

2.2.2.  Rock Mass Rating (RMR) and Slope Mass Rating (SMR)

The Rock Mass Rating system proposed by Bieniawski (1973, 1976, 1989) was developed for tunnels
and successively extended to rock slopes and foundations (Romana 1985). It is based on the estima-
tion of the RMR index which depends on the strength properties of the intact rock, as well as on the
discontinuity conditions:

RMR, = R, + RQD + Ry + R, + R, Eq. 2.10
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where R; is the compressive strength of the intact rock, Rgj is the joint spacing, R refers to the joint
conditions and Ry, represents the groundwater conditions. The rock mass quality is classified in 5 clas-
ses, as illustrated in Table 2.7.

Table 2.7: Rock mass classification according to the RMR system (after Bianiawski 1973).

RMR Rock Mass Quality
100-81 Very good

80-61 Good

60-41 Fair

40-21 Poor

<20 Very poor

The RMR system was modified by means of the Slope Mass Rating (SMR) proposed by Romana (1985)
to achieve more realistic rock mass quality assessment in view of stability assessment:
SMR = RMR,, + (F; - F, - F3) + F, Eq. 2.11

where RMR;, is the basic RMR index resulting from Bieniawski’s classification, F; depends on the par-
allelism between discontinuity strike and slope face strike, F, refers to joint dip angle in the planar
mode of failure., F3 depends on the relationship between discontinuity dip and slope face dip and F,4
is a correction factor related to the excavation method. Five rock mass stability classes, ranging from
completely unstable (SMR <20) to completely stable (SMR<81), were proposed according to the SMR
value (Table 2.8).

Table 2.8: Rock mass classification according to the SMR system (after Romana 1985).

SMR Rock Mass Quality
100-81 Very good

80-61 Good

60-41 Normal

40-21 Bad

<20 Very bad

2.2.3. Q-System

The Q-system was presented by Barton (1974) for tunnel and underground excavations and succes-
sively extended to other applications in rock masses (Barton 2002). The rock mass quality is estimated

by means of the Q index, which takes into account the discontinuity properties:
_RQD ), J
Jn Ja SRF

Eq. 2.12

where J, is the number of joint sets, J; is the joint roughness parameter, J, is the joint alteration pa-
rameter, J,, is the joint water parameter and SRF is the Stress Reduction Factor. In detail, the first
guotient refers to the structure of the rock mass, the second is related to properties of the disconti-
nuities (roughness and alteration of the walls) and the third expresses the stress conditions. Further
information on the estimation of the parameters can be found in specific tables presented by Barton
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and co-workers (Barton et al. 1974). Depending on the Q value, the rock mass can be classified in 9
classes (Table 2.9).

Table 2.9: Rock mass classification according to the Q system (after Barton 1974).

Q Rock Mass Quality
1000-400 Exceptionally good
400-100 Extremely good
100-40 Very good

40-10 Good

10-4 Fair

4-1 Pour

1-0.1 Very poor

0.0-0.01 Extremely poor
0.01-0.001 Exceptionally poor

2.2.4. Rock Mass index (RMi)

The Rock Mass index (RMi) introduced by Palmstrgm (1996a) classifies rock masses taking into ac-
count the properties of the discontinuity which tend to reduce their strength.

The RMi is expressed as:
Rmi = a,.JP Eq.2.13

where o is the uniaxial compressive strength of the intact rock and JP is the jointing parameter, which
expresses the strength reduction of the intact rock caused by the joints.

The jointing parameter is composed of the joint condition factor (jC) and the block volume (Vb), ac-
cording to the following relation:

JP=02.Jc V" Eq.2.14

where D is a constant.
More in detail, the joint condition factor is given by:

jC = jR¥—L Eq. 2.15
Ja

where jg, juand j, are, respectively, the joint roughness factor, the joint size and continuity factor, and
the joint alteration factor.
All the attributes needed to determine the RMi are illustrated in Figure 2.12.
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Figure 2.12: Discontinuity properties used for the RMi classification system (after Palmstrgm 1996a).

Table 2.10: Rock mass classification according to the RMi system (after Palmstrgm 1996a).

RMi Rock Mass Quality
<0.001 Extremely weak
0.001-0.01 Very weak
0.01-0.1 Weak

0.1-1 Medium

1-10 Strong

10-100 Very strong

>100 Extremely strong

Several authors presented correlations to predict the mentioned classification indexes from one sys-
tem to another. Specific equations, tables and discussions are reported by Zhang (2016).

2.2.5. Geological Strength Index (GSI)

The GSI classification system was proposed by Hoek and Brown (1997) and relies on the Hoek-Brown
strength criterion for rock masses. Originally, this criterion was formulated for the intact rock (Hoek
& Brown 1980a, 1980b) as:
0.5
! Eq. 2.16
%34 1) 9

0’1 =05+ 04 (mi—
O¢j

where 0; and o3 are the major and minor principal stresses, respectively, o. is the unconfined com-
pressive strength and m; is a material constant for the intact rock.

The criterion was later adapted to rock masses by means of the generalized Hoek-Brown strength
criterion (Hoek & Brown 1997), defined thorugh the following equation:

. ( o' )“ Eq.2.17
01:03+0Ci mb—+s
ci

where my, s, and a are constants defined for the rock mass material.
The GSI classification system provides a qualitative evaluation of the rock mass quality by means of
the GSl index, which is determined by the rock mass structure (ranging from intact to disintegrated)
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and the discontinuity conditions (from very good to very poor). Since the estimation of the GSI is
rather subjective, Hoek and Brown suggested to identify a range of GSI rather than a single value. The
original GSI classification system is reported in Figure 2.12. However, the system has been recently
adapted to different types of rock masses and several charts are reported in the literature (Hoek and
Marinos 2000; Hoek et al. 2002; Hoek and Brown 2019).

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33
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Figure 2.13: Characterization of rock masses by means of GSI system (after Hoek and Marinos 2000).
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2.3. Rock slope failure mechanisms

In most cases, rock mass failures are controlled by geological structures, and their kinematics depend
on the geometrical relationship between the slope and the discontinuities (Stead and Wolter 2015).
Four main types - planar sliding, wedge sliding, rotational sliding and toppling - are described in many
works as typical failure mechanisms (Hoek and Bray 1981; Goodman and Shi 1985; Giani 1992; Cruden
2003; Hoek 2007). However, supplementary types of failure were recognised based on the descrip-
tion of the phenomena rather than on the spatial orientation of the slope and of the joints (Ja-
boyedoff et al. 2001; Hantz et al. 2003; Hungr and Evans 2004; Hungr et al. 2014).

According to the classification systems proposed by Jaboyedoff and co-workers (Jaboyedoff et al.
2001) and by Hantz and co-workers (Hantz et al. 2003), the main failure modes in rock masses are:

e Planar sliding (Figure 2.14a): translational movement of a rock block along a plane dipping
out of the slope. This mechanism occurs along a discontinuity striking parallel or nearly par-
allel to the slope and less steep than the slope dip. The failure surface can be persistent,
connected by rock bridges or connected to a tension crack.

e Wedge sliding (Figure 2.14b): translational movement of a rock block defined by two discon-
tinuities striking obliquely to the slope face and dipping out of it. The wedge can slide along
the line of intersection of the two discontinuities, or along the plane with the most favourable
attitude. Wedge sliding mechanisms were analyzes by many authors among which Goodman
(1964), Londe and co-workers (Londe et al. 1969), John (1970) and Hoek (2007).

e Rotational sliding/double wedge slide (Figure 2.14c): typical failure mechanism of homoge-

neous weak or weathered rock masses along a circular sliding surface. If the sliding rock block
is delimited by three discontinuity planes, the sliding is referred as double wedge slide (Good-
man and Shi 1985).

e Overhang failure (Figure 2.14d): failure of protruding blocks due to the exceeding of the ten-

sile strength along a sub-horizontal or sub-vertical discontinuity.

e Toppling (Figure 2.14e): rotation of columns or blocks delimited by sub-vertical discontinui-
ties dipping into the slope; flexural toppling involves continuous columns with limited thick-
ness which progressively bend forward (Goodman and Bray 1976; Hoek and Bray 1981; Sa-
gaseta 1986; Adhikary et al. 1997).

e Column failure at the foot (Figure 2.14f): failure of a rock column determined by a sub-vertical

discontinuity along its base.
e Buckling (Figure 2.14g): failure of banks with deep angle >45° favoured by the presence of
orthogonal joints.
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Figure 2.14: Typical failure mechanisms in rock masses (modified after Hantz et al. 2003).

It has to be remarked that the illustrated mechanisms are simplified models which are more likely to
occur on large scale instability processes. Large volume phenomena are often the result of combined
failure types acting simultaneously or successively, as pointed out by many authors (Sagaseta 1986;
Adhikary et al. 1997; Sartori et al. 2003; Martin 2007; Gischig et al. 2011; Bohme et al. 2013; Moh-
tarami et al. 2014; Bassa et al. 2014; Stead and Wolter 2015; Alejano et al. 2019; Alejano 2021).
Furthermore, it is specified that, in some circumstances, the properties of the rock mass and the scale
of the problem (e.g. discontinuity spacing in the domain) are compatible with global failures (i.e. cir-
cular slipping surfaces) rather than with the mobilization of single blocks. Indeed, instability processes
of rock masses can result in a series of mechanisms ranging between the mentioned extreme condi-
tions, respectively related to a continuum and discontinuum behaviour of the medium (Hoek 2007;
Hoek & Bray 1981; Jing 2003; Jing & Hudson 2002).

2.4. Remote sensing background

2.4.1. Introduction

The last two decades have witnessed an impressive progression of geospatial technologies such as
differential Global Positioning Systems (DGPS) and robotic devices which has led to a modernized
approach to geosciences, thanks to the possibility to acquire and process large datasets.

Regardless of the field of study, remote sensing approaches can be classified as passive and active
(Schowengerdt 2006).

Passive techniques like satellite imaging, photography and InfraRed Thermography enable to collect
information using the natural radiation (e.g. sunlight) emitted or reflected by an object. On the other
hand, active techniques such as LiDAR (Light Detection And Ranging) or Radar provide an impulse
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that hits the target and is measured by the instrument after being reflected. With regard to rock slope
investigations, if on the one hand remote sensing techniques can solve several issues typically faced
during field surveys, on the other hand the large number of available technologies may be intimidat-
ing. In this perspective, the most important step for the choice of the appropriate technique consists
in identifying the advantages and limitations of each method (Derron et al. 2011). An attempt to solve
these uncertainties was made by Petrie and Toth (2018), who compared the two most used methods
for rock slope investigation, namely laser scanning and photogrammetry (Figure 2.15). In addition,
the characteristics of the investigated area (e.g. extension, morphology, meteorological conditions),
the goals of the surveys (e.g. needed resolution, accuracy, ease of reproducibility), time availability
and budget should be all considered in attempt to find the most suitable solution.

Photogrammetric Weaknesses, Contrasted with LIDAR Strengths

LiDAR Pros Photogrammetric Cons

Dense information along homogeneous surfaces Almost no positional information along homogeneous surfaces
Day or night data collection Day time data collection only

Direct acquisition of 3D coordinates Complicated and sometimes unreliable matching procedures
The vertical accuracy is better than the planimetric accuracy The vertical accuracy is worse than the planimetric accuracy

LIiDAR Weaknesses, Contrasted with Photogrammetric Strengths

Photogrammetric Pros LiDAR Cons
High redundancy No inherent redundancy
Rich in semantic information Positional information; difficult to derive semantic information

Dense positional information along object space break lines ~ Almost no positional information along break lines
The planimetric accuracy is better than the vertical accuracy  The planimetric accuracy is worse than the vertical accuracy

Figure 2.15: Advantages and limitations of photogrammetry and laser scanning techniques (after Petrie and
Toth 2018).

2.4.2. LiDAR technique

2.4.2.1. Introduction
Laser scanners enable to collect 3-D data of large areas in relatively short time, with unprecedented

accuracy. Albeit laser scanners were invented in the 1960s, the introduction of direct georeferencing
technologies and progresses in computer technology of the mid-1990s have been the crucial factors
for the effective development of this technology (Petrie and Toth 2018). With regards to the applica-
tion of LiDAR methods for slope investigations, early laser scanners were mounted on aerial plat-
forms, while ground-based laser scanner appeared later (Large and Heritage 2009).

2.4.2.2. LiDAR fundamentals

LiDAR surveys are carried out by means of instruments able to measure distances with high degree
of accuracy, based on the Light Amplification by Stimulated Emission of Radiation (LASER) technique.
Laser scanners are optical devices constituted by a transmitter/receiver of highly collimated, direc-
tional, coherent and in-phase electromagnetic radiation and a scanning device. Depending on the
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position of the instrument, laser scanners are classified as Airborne Laser Scanners (ALS) and Terres-
trial Laser Scanners (TLS). The formers are typically used to scan large areas and achieve decimetrical
accuracies and resolutions (Baltsavias 1999). For this reason, ALS techniques are carried out to map
regional structures (Matasci et al. 2011; Loye et al. 2012; Humair et al. 2013), obtain Digital Elevation
Models (DEMs) for small-scale landslide modelling and susceptibility assessment (Chigira et al. 2004;
Haneberg et al. 2009; Dietrich et al. 2011; Michoud et al. 2012) and to identify active areas by means
of surface change detection (Lato et al. 2014; Okyay et al. 2019). Conversely, TLS systems work on
static positions and several scans are usually acquired from different locations to obtain an overall
representation of the investigated area, but might be limited by topographic costraints (Lato et al.
2014). Ground-based laser scanners are recommended for sub-vertical or overhanging slopes, which
are not adequate to ALS methods (Oppikofer et al. 2009; Stock et al. 2011; Bremer and Sass 2012),
provided that they can be placed at relatively short distance from the target.

For both techniques, the measurement of distance or range can be carried out using one of the two
main methods:

e Time of flight (TOF): a very short and intense pulse of radiation is emitted by the laser scanner
towards the target object and reflected back to the instrument (Figure 2.16). The time taken by
the pulse emitted at the position A to hit the object located at position B and return to the laser
scanner allows to measure the distance according to the following formula:

R=— Eq. 2.18

where R is the distance between the instrument and the object, v is the speed of the electro-
magnetic radiation (speed of light) and t is the measured time interval.

A ‘ B
Laser Tra@nutter Ground
ranger Transmitted pulse DEIEH

"""""" Reflected pulse |
Receiver '
Range - z-—

Figure 2.16: Range measurement by means of Time Of Flight laser scanner (after Petrie and Toth 2018).

e Phase pulse: the laser scanner emits a continuous beam of laser radiation rather than a pulse.
The distance of the object is measured from the phase difference between the transmitted and
the received sinusoidal wave of the beam (Petrie and Toth 2018) (Figure 2.17):

MA + AX
R=——

Eq. 2.19
> q
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where M is the integer number of wavelengths, A is the known value of the wavelength and AA is the
fractional part of the wavelength (=¢/2m, with ¢ being the phase angle).

Transmitted signal

>

Reflected signal

phase
r«lllﬁ

: SO

Figure 2.17: Range measurements by means of phase-based laser scanner (after Wang et al. 2019).

As pointed out by Petrie and Toth (2008, 2018), phase-based laser scanners provide more accurate
distance measurements but are limited to short ranges (up to 100 m). For this reason, these tech-
niques are restricted to specific situations such as displacement monitoring, whilst TOF techniques,
which allow to measure larger distances, are typically used for Earth surface observations (Baltsavias
1999b; Wehr and Lohr 1999). With regards to ground-based laser scanners, motion in azimuth direc-
tion is performed to measure a series of elevation profiles (closely spaced points along a line) around
the vertical axis of the device. On the other hand, airborne systems scan the target area by means of
profile measurements in the direction perpendicular to the flight line. The scanned area is equal to
the laser beam projected on the target object and increases as the distance between the device and
the object increases because of the divergence effect (Petrie and Toth 2008, 2018). Knowing the ori-
entation of the laser beam (LOS, Line Of Sight) and the attitude of the instrument, it is possible to
determine the position Ax, Ay, Az of the target object relative to the instrument (Jaboyedoff et al.
2012). In practice, GPS systems, if not integrated in the laser scanners, are additionally used during
the surveys to accurately define attitude and position of the laser scanner, and to successively georef-
erence the acquired data in a global coordinate system. Both methods provide the position and ele-
vation of thousands of points representing a 3-D model of the scanned object, also called LiDAR point
cloud.

In addition to providing information on the position of the scanned object, laser rangers provide its
reflectivity, which is defined as the ratio of the incident radiation on the surface to the radiation re-
flected by the same surface. “Hard surfaces” such as rocks and buildings are characterized by diffuse
reflectivity scattering into a hemispherical pattern, with the maximum intensity perpendicular to the
target (Figure 2.18). The reflectivity is influenced by the colour, roughness and humidity of the target
area, as well as the wavelength emitted by the device, the laser ranger-target distance and the inci-
dent angle of the laser beam (Petrie and Toth 2008, 2018; Jaboyedoff et al. 2012; Lato et al. 2013;
Carrea et al. 2016).
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Figure 2.18: Reflectivity of a diffuse target; the maximum reflection takes place perpendicular to the target
plane (after Xu et al. 2017).

Laser scanner resolution is commonly used to describe the ability to detect small objects in a point
cloud or, in other words, the level of detail that can be observed within a point cloud (Pesci et al.
2011). Resolution is commonly interpreted as equivalent of the point spacing, which depends on the
survey settings such as laser scanner-target distance and angular spacing between adjacent scanlines
(Optech 2009). In addition, the effective resolution is also influenced by the dimension of the laser
footprint: a wide diameter causes a higher point spacing and consequently a lower resolution (Abel-
lan et al. 2014).

In a more specific context, the term accuracy is used to indicate the range of error inherent to the
measurement (i.e. the degree of closeness of a range measurement to the actual distance; Abellan
etal. 2014). It is divided in range accuracy and angular accuracy (Kamerman 1993; Lichti and Jamtsho
2006; Jaboyedoff et al. 2012). The term range accuracy refers to the ability of a laser scanner to re-
solve two objects on the same line of sight, whilst the term angular accuracy is referred to the ability
of resolving two objects on adjacent lines of sights. Laser scanner accuracy decreases with increasing
range, surface roughness and angle of incidence (Ingensand 2006; Lichti 2007; Voegtle et al. 2008;
Abellan et al. 2009), and is influenced by environmental conditions like temperature, humidity and
interfering radiations (sunlights, lamps; Boehler et al. 2003).

Although early laser scanners could provide an accuracy of +5-15 cm for airborne systems (Habib
2018) and £ 1.5 cm for ground-based systems at a distance of 300 m (Oppikofer 2009; Jaboyedoff et
al. 2012), new generation technologies allow to reach, respectively, a few centimeters and a few mil-
limiters (Jaboyedoff and Derron 2020).

2.4.3. SfM technique

2.4.3.1. Introduction

Structure from Motion (SfM) is a technique based on the application of photogrammetry by means
of terrestrial, UAV or aircraft platforms developed from advances in computer vision and traditional
photogrammetry, initially developed for multimedia applications (Doorn and Koenderink 1991;
Shashua 1994; Beardsley et al. 1997). SfM has been introduced in the Earth Sciences relatively
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recently, but its application is constantly gaining popularity thanks to the opportunity of producing
high-quality point clouds of landforms at different scales, with relative low cost (Remondino and El-
Hakim 2006; Matthews 2008; Fraser and Cronk 2009; Westoby et al. 2012; Carrivick et al. 2016; An-
derson et al. 2019; Eltner and Sofia 2020). Traditional photogrammetric methods allowed to recon-
struct 3-D scenes from photographs taken by compact and single lens reflex (SLR) cameras by means
of triangulation processes. However, the precise knowledge of the camera location and pose needed
to be known a priori. Alternatively, the precise location of control points on the surveyed area could
be used to determine the camera positions (resectioning process). Early 1990s progress in computer
vision (e.g. Boufama et al. 1993; Spetsakis and Aloimonos 1991; Szeliski and Kang 1994) and feature-
matching algorithm development (e.g. Forstner 1986; Harris and Stephens 1988) led to the introduc-
tion of techniques able to automatically solve the geometry of the scene, camera positions and ori-
entations, without the need of knowing the control points’ positions, by matching features in multiple
images (Turner et al. 2012; Westoby et al. 2012; Lucieer et al. 2014). Thus, highly redundant, iterative
bundle adjustment procedures (Snavely et al. 2008) are used in SfM techniques to estimate the posi-
tions of several features by overlapping the photographs acquired from a moving sensor.

Since points of known coordinates belonging to the real scene are not required to perform the SfM
technique, the resulting point clouds are located in a relative “image-space” coordinate system
(Turner et al. 2012; Westoby et al. 2012; Fonstad et al. 2013; James and Robson 2014). For this reason,
the generated point cloud or polygonal surface will not be georeferenced and scaled, contrarily to
the traditional photogrammetric methods (Favalli et al. 2012; Carrivick et al. 2016; Clapuyt et al.
2016). Roto-translation matrixes can be applied on the point cloud to orient and scale the model into
an absolute coordinate system with the help of Ground Control Points (GCPs) of known coordinates.

2.4.3.2. Typical workflow

Nowadays, several commercial softwares (e.g. Agisoft Metashape (Agisoft 2020), Pix4D (Pix4ADMap-
per 2017), Zephyr (3-Dflow 2018) are available to perform SfM technique with standard desktop com-
puters on photos collected by hand-held cameras or more advanced UAV systems. Although some
commands may change, the overall process follows the workflow described below (Figure 2.19).
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Figure 2.19: Typical SfM workflow (after Westoby et al. 2012).
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a. Image acquisition

The very first step to obtain a 3-D reconstruction of the target is the acquisition of photos, which
should be taken with sufficient overlap (ideally 80-90%) and from different positions and/or angles
(James and Robson 2012; Lucieer et al. 2014). As regards the acquisition platform, ground-based sys-
tems are appropriate to investigate large-scale and steep areas, whilst aerial platforms are more in-
dicated to acquire data on large and low-relief zones (Westoby et al. 2012).

b. Keypoints detection and matching

The processing of the acquired images starts with the image matching, through which common fea-
tures are identified in different photos (Figure 2.20). These features, called keypoints, can be points,
edges or characteristic patterns (Lowe 2004; Bay et al. 2008; Calonder et al. 2010; Strecha et al. 2012)
and should be invariant to changes in scale, orientation and illumination conditions (Carrivick et al.
2016). The keypoints are automatically extracted and matched in each image by means of specific
algorithms such as the Scale Invariant Feature Transform (SIFT) proposed by Snavely (2008) or the
Random Sample Consensus (RANSAC) by Fischler and Bolles (1981).

Figure 2.20: Example of feature detection and matching (retrieved from https://blog.ekbana.com).

c. Collinearity, bundle adjustment and sparse point cloud

Before the 3-D reconstruction begins, the paths between specific keypoints are linked to remove dis-
turbances, like objects moving on the scene during the surveys (Snavely et al. 2008). In fact, although
the keypoints located on moving objects are recognised in different photos, the distances from the
other features are constantly changing, and therefore the disturbance can be filtered using visibility
and regularisation constraints (Furukawa and Ponce 2008).

A set of equations is used to reconstruct a 3-D scene from 2-D photographs so that collinearity is
maintained (Liu et al. 2006; Roncella et al. 2011; Fonstad et al. 2013). The collinearity equation
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establishes that a point belonging to the surveyed object, its representation in an image, and the
camera optic centre are aligned along a straight line (Figure 2.21).

Optical center
X Y Z

Extrinsic camera parameters
Optical center coordinates: X, Y, Z,,
yaw, pitch, roll: @, ¢, ¥

Image plane
- point coord {u,v}

Intrinsic camera parameters
point coordinates: uo, vo

scaling factor: ¢

focal length: f

lens distortion factor: |

Object point
X. Y, Z

Collinearity equation
u= fx(xo: YOI ZOI (').* ¢’.~ K, UOI VC/ f: X/ Yr Z)
V= fy(XOI YOI ZOI 0)! d>~ K ’ Uo: VO: fr Xr Ya Z)

Figure 2.21: Sketch showing the relationships between the extrinsic and intrinsic camera parameters, the col-
linearity equations and the projection line (contenr provided by M.-H. Derron).

One of the main objectives of photogrammetry is to transform the coordinates of the point in the
picture (in pixels) into geographic coordinates, therefore obtaining a 3-D scene. To this aim, the ex-
trinsic and intrinsic camera parameters need to be known. The extrinsic camera parameters are the
optic centre coordinates (Xo, Yo, Zo) and the orientation of the instrument (yaw w, pitch @, roll ). The
intrinsic camera parameters are the point’s coordinates in the image (uo, Vo), the scaling factor k, the
focal length f and the lens distortion factor /. The collinearity equation expresses the coordinates of
the point in the image in function of the geographic coordinates of the same point (Mikhail et al.
2001):

u = f,(X,, Yo, Zn, 0, P, K, uy, vy, £, X,Y,Z
{_x(ooo 0 Vo ) Eq. 2.20
v = f,(Xo, Yo, Zg, 0, @, K, 1, v, £, X, Y, Z)
The collinearity equation can be expressed in matrix form as:
u— Ug X— X,
[v—v0]=kM Y—Y(,] Eq. 2.21
f Z - ZO

where k and M are the scaling factor and the rotation matrix taking into account the orientation of
the camera, respectively. More in detail, the rotation matrix is:

cos®cosk  coswsink + sinwsin®cosk  sinwsink — coswsin®cosk] [M11 M1z  Mj3 Eq.
M = |—cos®sink coswcosk — sinwsin®sink  sinwcosk + coswsin®sink|=|M21 My Mpy3 2.22
sin® sinwcos® coswcosd msz; M3, Ms3
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After development, the following relationships are obtained:

my (X —Xo) + my, (Y — Yy) + my3(Z — Zy) Eq.2.23
my; (X — Xo) + mgz (Y — Yo) + m33(Z — Zo)
B my; (X — Xo) + myp(Y — Yo) + my3(Z — Z)

my; (X — Xp) + mgp(Y — Yo) + my3(Z — Z)

(u—u():—

The problem remains indeterminate because the number of equations is less than the number of
unknowns (X, Y, Z). Moreover, for every other point in the analyzed image, there will be 2 more equa-
tions and 3 more unknowns. The Structure from Motion technique enables to solve the problem and
obtain the 3-D coordinates of the target point by using multiple views: if more photos containing the
same point are examined, the 3 unknown coordinates will be the same, but the number of equations
will increase (for every image, 2 more equation will be given) (Figure 2.22). Since the number of equa-
tions will largely exceed the number of unknowns, it will be possible to create a 3-D scene by analysing
all keypoints.

More in detail, for Ny images the collinearity equation will be solved by having a minimum number of
keypoints (N,) equal to:

6Ny +3 Eq. 2.24
P3N, -3
-e---@
3D-Model*, ,/ .
-_ Ny A

corresponding
feature points

Figure 2.22: Structure from Motion principles. The 3-D scene is reconstructed by estimating camera positions
and orientations acquired from a moving sensor. Several features are detected and matched on multiple photos
by means of specific algorithms to produce a point cloud (after Van Riel 2016).

In practice, the common SfM softwares automatically solve the collinearity equations for each de-
tected keypoint and for each photograph introduced within the model by means of least-square

33



PART Il - REMOTE SENSING. Chapter 4

bundle adjustment (Brown 1976; Triggs et al. 1999; Snavely et al. 2008; Fonstad et al. 2013; Lucieer
et al. 2014). Thus, the extrinsic and intrinsic camera parameters, as well as the XYZ coordinates of the
feature points, are calculated, allowing to accurately position the photos (Ohnishi et al. 2006; Turner
et al. 2012; Favalli et al. 2012). As a result, a sparse (low-density) point cloud with RGB colours ob-
tained from the photographs is generated.

d. Absolute registration

Since the points of known coordinates belonging to the real scene are not required to perform the
SfM technique, the resulting point clouds are located in a relative “image-space” coordinate system
(Turneret al. 2012; Westoby et al. 2012; Fonstad et al. 2013; James and Robson 2014). For this reason,
the generated point cloud or polygonal surface will not be georeferenced and scaled, contrarily to
the traditional photogrammetric methods (Favalli et al. 2012; Carrivick et al. 2016; Clapuyt et al.
2016). Roto-translation matrixes can be applied on the point cloud to orient and scale the model into
an absolute coordinate system with the help of ground-control-points (GCPs) of known coordinates.
Itis common practice to place clearly visible elements (targets) on the surveyed area before the image
acquisition and to collect their coordinates by means of GPS systems. The control points should be
distributed throughout the area to avoid errors during the 3-D scene reconstruction (James and Rob-
son 2012c). The GCPs are semi-automatically identified on the images during the processes and their
coordinates are assigned in the software to scale and orient the point cloud in an absolute reference
system. Although 3 GPCs with XYZ coordinates are theoretically enough to locate the scene in a 3-D
environment, it is recommended to use more targets (5-7) evenly distributed in the area, to reduce
deformations related to camera lens distortions (doming shape deformations) (James and Robson
2014; Eltner et al. 2016).

e. Dense 3-D reconstruction

A higher resolution point cloud is produced by means of dense matching process using the Multi-
View-Stereo (MVS) algorithms, which increase the point cloud density by at least two orders of mag-
nitude (Smith et al. 2016). According to Eltner and co-workers (Eltner et al. 2016), the most common
MVS algorithms used in geosciences are the Patch-based Multi-view Stereo (PMVS) algorithms (Fu-
rukawa and Ponce 2008) and the depth-map merging method (e.g. Li et al. 2010, Agisoft 2020). The
PMVS technique reconstructs the 3-D scene from clusters of manageable size, while the second
method is based on the distances between the camera location and the 3-D scene (depth maps).
Patches or depth maps are matched and grown around the sparse point cloud to produce a dense
point cloud. Once the 3D model is rotated and scaled, the quality of the final result can be evaluated
by analyzing the residuals of the Bundle Adjustment: the smaller are the reprojection errors, (i.e. the
distance between the projections of each key point and its observations), the better is the accuracy.

f. Polygonal surface and orthophotos

A polygonal surface (mesh) can be generated from the point cloud or dense map, with the possibility
of choosing filters (e.g. vegetation removal), face counts and quality. A texture generated from the
photos can be added to the mesh. Additionally, orthophotos and Digital Elevation Models (DEMs) can
be produced.
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It should be specified that the SfM technique must be coupled with the MVS algorithm to obtain
dense point clouds and eventually their derivative products. Therefore, the term SfM-MVS is more
appropriate when addressing the overall process (from photo acquisition to point clouds/meshes
generation - Figure 2.23). However, SfM is commonly used in the literature also to refer to the data
produced after the dense matching. The term SfM will be generally used in this manuscript to avoid
misunderstandings, but is referred to the SfM-MVS coupling.
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Figure 2.23: Illustrated example of SfM-MVS workflow (after Bevan et al. 2017).

2.4.4. IRT technique

2.4.4.1. Introduction

Modern InfraRed Thermography (IRT) was discovered in 1800 by the physicist Herschel during his
search for new optical materials. Herschel studied the heating effect of the colour spectrum formed
by passing sunlight through a prism and noticed a consistent increase of temperature from the violet
to the red end. The temperature increased even more going beyond the red end, into the “dark heat”
zone of the spectrum, nowadays called infrared spectrum. Several scientists (e.g. Nobili, Melloni,
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Kirchoff, Maxwell, Svanberg, Stefan, Bolztmann, Planck, Holst) followed this discovery and, after a
few decades, the IRT technique was employed for surface temperature mapping.

Thermal radiation operates in the portion of the electromagnetic spectrum with wavelengths falling
in the range of 0.78-1000 um (Wolfe et al. 1985; Dewitt and Nutter 1988; FLIR 2014) (Figure 2.24).
Five main sub-bands form the infrared spectral band: Near Infrared (NIR, 0.75-1.4 um), Short Wave-
length Infrared (SWIR, 1.4-3 um), Medium Wavelength Infrared (MWIR, 3-8 um), Long Wavelength
Infrared (LWIR, 8-15 um) and Far Infrared (FIR, 15-20 um).

IR thermography is a non-contact technique recording and visualizing thermal radiation emitted by
objects, aimed at analysing surface temperature distributions (Vavilov and Burleigh 2020). IRT surveys
use thermographic cameras, which are devices working in the spectral band of wavelengths ranging
between 7.5 and 14 um that measure radiations emitted by objects and convert them into tempera-
tures (Shannon et al. 2005). This wavelength range allows to measure temperatures from -60°C to +
100°C (Bramson 1968; Holst 2000).

Figure 2.24: Schematic representation of the InfraRed spectrum (retrieved at: https://www.ametek-
land.com/pressreleases/blog/2021/june/thermalinfraredrangeblog).

2.4.4.2. IRT fundamentals

InfraRed Thermography technique is based on the physic principle that all objects at temperatures
above absolute zero emit radiation because of their kinetic energy (Modest 2013). The radiation is
transferred in the form of electromagnetic waves, depending on the temperature and properties of
the object. A blackbody is a medium that absorbs all incident radiations, without reflecting them
(Kirchhoff 1860). According to Planck’s radiation law, the energy E, emitted for each wavelength A by

a black body at temperature T is given by:
Cy

= m Eq. 2.25

Ey

where C; and C; are the Planck constant and the Boltzman constant, respectively. The spectral radi-
ance, expressed in Watt-sr-1-m=, is represented by a group of curves in which, for each temperature,
a maximum of radiant power appears at a particular wavelength (Figure 2.24). These wavelengths
increase as the temperature decrease, implicating that radiant power drastically decays with lower
temperatures. The maxima of the Planck function are given by the Wien displacement law:
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= >

Eq. 2.26

}\max

where A is a constant equal to 2.898 um-K. Figure 2.25 illustrates how the spectral radiance is related
to the visible light spectrum: the Sun has a temperature of 5777 °K and emits yellow light peaking at
0.5 um of the light spectrum, while for ambient air temperature (300 °K) the peak of radiation has a
maximum wavelength of about 10 um, corresponding to the far infrared band.

10 Black-body spectrum
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Figure 2.25: Spectral radiance according to wavelengths for different temperatures (from www.commons.wiki-
media.org).

The total radiant exitance is obtained by integrating Planck’s law over the entire spectrum (A= 0-°):
J=oT* Eq. 2.27

This relation, known as the Stefan-Bolzmann law, shows that the total energy (J) emitted by a black-
body depends on the fourth power of its surface temperature (T) and is proportional to the Stefan-
Bolzmann constant o (=5.6:10% Wm?2K™).

Real materials (i.e. greybodies) rarely behave as blackbodies because they absorb only a fraction of
the incident radiations, while the remaining radiations are transmitted and/or reflected (Kirchhoff
1860). For real materials, the total energy is reduced in proportion to the value of their emissivity (g),
which is the ratio between the radiation emitted by the object at a given temperature and the radia-
tion emitted by a blackbody at the same temperature (Gaussorgues 1994; Incropera 2007). Thus, the
Stefan-Boltzmann’s law can be re-adapted for grey-bodies as:

J=ec0T* Eq. 2.28

Emissivity ranges between 0 and 1 and represents the ability of an object to emit heat energy (Shan-
non et al. 2005). Rocks have emissivities close to 0.9, whereas metals have lower emmissivities, about
0.1 (Jensen 2007; Monchau 2013). Emissivity of natural objects depends on their colour, chemical
composition, humidity and roughness (Holst 2000).
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2.4.4.3. Thermal imaging

Thermal imagers do not directly measure temperatures, but the energy emitted by the surface of an
object during a time period. Nevertheless, the signal received by the thermal camera is not uniquely
provided by the target object, but is the sum of signals deriving from more sources (Figure 2.26). In
detail, in outdoor settings thermal imagers receive signals from the target object (Jop;), the surround-
ing environment (ground, vegetation) reflected by the surface of the object (Jeny) and from the “at-
mosphere" located between the target and the instrument (Ja:m)(Rees 2012; Gero et al. 2013; FLIR
2014).Therefore, the total radiation received by the camera is given by (FLIR 2014):

Jiot = T (]obj + ]em,) +(1- T)]atm Eq. 2.29

where tis the transmittance of the atmosphere. The energy received by the device is then converted
into electrical voltage or current. As output, thermal imagers provide thermograms: matrixes of pixels
representing the surface temperatures, which can be further processed in specific software according
to the aim of the survey (e.g. detect cold or hot sources).

To derive the surface temperature of the object, a calibration protocol needs to be applied during the
processing of the thermograms, taking into account parameters such as emissivity of the material,
distance thermal camera-target, atmospheric temperature, relative humidity and reflected temper-
ature (Spampinato et al. 2011; FLIR 2014).
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Figure 2.26: Main sources of thermal radiation detected by thermal cameras (content provided by M-H. Der-
ron). The recorded radiant exitance is the sum of the radiant exitance emitted by the object and the radiant
exitance of sky, Sun and ground reflected by the object itself. A part of radiation emitted by the ground and Sun
is absorbed by the atmosphere.

Concerning the application of IRT for rock slope investigation, it should be specified that the amount
of radiant energy reaching a rock surface (e.g. from the Sun) depends on its geometry and on the
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orientation of its facets with respect to the direction of radiation. Shadow zones or multiple reflec-
tions can be produced depending on the orientation of the outcrop relative to the camera (incidence
angle), sky, ground and Sun (Figure 2.27). For instance, lower than actual temperatures may be rec-
orded for incidence angles greater than 60° (Howell et al. 2021). With regards to the orientation of
the outcrop with respect to the sky, Guerin and co-workers point out that flat areas may return lower
temperatures because they reflect the cold radiations from the sky (-60 °C for a clear sky), whereas
reflections from the ground are less relevant because of temperatures similar to those of the rock
mass above (Guerin et al. 2019). With regard to the Sun radiation, more illuminated zones and shad-
ows can be produced according to the topography and the elevation angles of the Sun.
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Figure 2.27: Effect of outcrop geometry and orientation for IRT (content provided by M-H. Derron). (a) effect
of the incident angle camera-outcrop; (b) effect of the outcrop orientation relatively to the sky; (c) effect of the
outcrop orientation relatively to the ground; (d) effect of the outcrop orientation relatively to the Sun.

2.5.  Use of point clouds for rock mass characterization

Remote sensing techniques such as LiDAR and SfM are increasingly being used for rock slope investi-
gation to support conventional geostructural and geomechanical field surveys, thanks to the possi-
bility of generating high-resolution virtual outcrops across a wide range of spatial and temporal
scales. Despite laser scanners were the main acquisition tool for deriving virtual outcrops in the last
decade (Pringle et al. 2006; Buckley et al. 2008; Jones et al. 2009), availability of light weight and less
expensive UAV platforms suitable for SfM technique has aroused growing interest among engineering
and structural geologists. Another key factor for the choice of SfM technique for rock slope investi-
gations is the possibility of carrying out the surveys without the need to gain specific knowledge and
experience, as in the case of LiDAR techniques (James and Robson 2012). A detailed review of the
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application of different remote sensing technique to achieve advances for geostructural investiga-
tions, as well as their advantages and limitations, was provided by Cawood and co-workers (Cawood
et al. 2017). However, it must be remarked that remote sensing techniques are not intended to be
used individually, but as support for on-site geostructural and geomechanical surveys. As a matter of
fact, their application increases the productivity when dealing with rock mass characterization, but it
does not allow to collect all the data necessary for a comprehensive description of the target. Direct
measures on the field are essential to determine many properties like the wall strength, roughness,
nature of filling and seepage conditions of discontinuities (Ferrero et al. 2009; Gigli and Casagli 2011,
Martino and Mazzanti 2014).

2.5.1. Rock mass characterization

Surface measurement from point clouds or triangulated surfaces (meshes) were introduced to over-
come the limitations of conventional geostructural and geomechanical techniques, such as sample
representativity, accessibility, operators’ safety, human bias and measurements inaccuracies (Feng
et al. 2001; Ferrero et al. 2009). At present, orientation, spacing, persistence and roughness of dis-
continuities can be extracted from point clouds or meshes by means of different methods.

2.5.1.1. Orientation

Measurements on virtual outcrops solve many problems related to errors made during conventional
field surveys. For instance, shallow-dipping joints can be incorrectly measured using a traditional
compass (Herda 1999) and consistent skills are needed to measure undulated surfaces, whose orien-
tation varies with space (Sturzenegger and Stead 2009). As remarked by Abellan and co-workers and
Battulwar and co-workers, manual and semi-automatic (with different degree of automation) meth-
ods allow to detect the discontinuity sets (Abellan et al. 2014; Battulwar et al. 2021). Figure 2.28
shows some examples of the different methods proposed in the literature to extract discontinuities
and orientations.

e Manual methods consist in manually delimiting a sub-region of point cloud or mesh consid-
ered representative for a discontinuity and to measure the orientation by means of least
squares best-fitting plane (Ferndndez 2005; Oppikofer et al. 2008; Sturzenegger and Stead
20009).

e Some semi-automatic methods are carried out calculating the normal vector of each facet of
a mesh (Slob and Hack 2004; Kemeny et al. 2006; Jimenez-Rodriguez and Sitar 2006; Olariu
et al. 2008; Lato and Voge 2012). However, the accuracy of the results strongly depends on
the quality of the triangulated surface (Lato et al. 2009), which in turn depends on the previ-
ous data acquisition and processing, as well as on the operator’s skills. Alternative methods
(among which Jaboyedoff et al. 2007, Ferrero et al. 2009, Garcia-Sellés et al. 2011, Gigli and
Casagli 2011) were proposed to overcome this limitation and rely on the measurement of
orientations directly from the point clouds. For instance, the commercial software Coltop3D
(Terranum 2020) computes the dip direction/dip by means of eigenvalue analysis of the co-
variance matrix of a local neighbourhood (Jaboyedoff et al. 2007). Each point is coloured ac-
cording to the measured dip direction/dip using a Hue-Saturation-Intensity method, allowing
the user to semi-automatically identify the discontinuities. Riqguelme and co-workers intro-
duced the Discontinuity Set Extractor software (Riquelme et al. 2014) to detect discontinuities
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by means of kernel density estimation and to classify them into discontinuity sets by applying
the DBSCAN algorithm (Ester et al. 1996). Recently, a method to overcome human bias intro-
duced in clustering algorithms by means of fast search and find of density peaks (CFSDP) al-
gorithm (Rodriguez and Laio 2014) was presented by Kong and co-workers (Kong et al. 2020).

Figure 2.28: Different approaches to extract discontinuity sets from point clouds. (a) manual method by fitting
planes (after Sturzenegger and Stead, 2009). (b) semi-automatic extraction on a mesh (after Voge et al. 2013);
(c) semi-automatic extraction from the point cloud by means of Discontinuity Set Extractor software (after
Riquelme et al. 2014); (d) semi-automatic extraction from the point cloud by means of Coltop3D software (after
Stead et al. 2012).

2.5.1.2. Spacing and persistence

Discontinuity spacing is estimated from point clouds by means of cluster analysis: points close to each
other and with similar normal vectors are grouped into clusters for each of which the plane equation
is calculated. The discontinuity set spacing is then computed as the normal distance between adja-
cent and parallel planes (Figure 2.29a) (Slob and Hack 2004; Slob et al. 2005; Riquelme et al. 2015;
Wichmann et al. 2018; Kong et al. 2020). Gigli and Casagli (2011) introduced a method to identify all
discontinuities belonging to one set using a virtual cylinder, to calculate the spacing from the inter-
sections between the cylinder and the discontinuities. Sturzenegger and Stead (2009) proposed an
approach to estimate discontinuity persistence by manually fitting circular planes to individual dis-
continuities and calculating their trace length. Moreover, a method to determine the persistence by
applying convex hull algorithms to fit polygons on individual discontinuities was presented by Gigli
and Casagli (2013). A schematic view to calculate discontinuity trace lengths from polygons is re-
ported in Figure 2.29b. The software Discontinuity Set Extractor calculates the persistence from point
clouds by merging groups of points belonging to the same discontinuity into a cluster and applying a
coordinate system transformation based on the dip direction/dip of the cluster. Later, the persistence
is measured along dip direction and dip, resulting in the extraction of the length of the maximum
chord and the area of the convex hull (Riquelme et al. 2018).
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Figure 2.29: Schematic view of a 3-D point cloud for trace length and spacing calculation (after Kong 2020). (a)
trace length calculated as the maximum distance between points of a discontinuity surface (polygon); (b) nor-
mal set spacing, calculated as the distance between two adjacent parallel discontinuity planes.

2.5.1.3. Roughness

Discontinuity roughness is approximately quantified by fitting planes on the discontinuities and com-
puting the differences between the same surface and the plane (Sturzenegger and Stead 2009) or
drawing cross-sections and comparing them to Joint Coefficient Roughness (JRC) profiles (Haneberg
2007; Oppikofer et al. 2011; Pollyea and Fairley 2011). Fardin and co-workers proposed a technique
to estimate the roughnesss from the fractal parameters of discontinuity surfaces (Fardin et al. 2004).
Moreover, Gigli and Casagli proposed to move a searching cube with different dimensions along a
discontinuity and fitting a plane in each sector; the roughness at different scales is then estimated
from the scattering degree of the resulting stereoplot (Gigli and Casagli 2011). More recently, Li and
co-authors presented a technique to calculate the JRC of a discontinuity by tracing planes with a fixed
step along its dip direction (Figure 2.30) (Li et al. 2019). More in detail, for each plane a profile of the
intersection with the discontinuity is obtained; the JRC is calculated as a function of the root mean
square of the first derivative of the profile.

2] (o]

Figure 2.30: Discontinuity roughness calculation (after Li et al. 2019). (a) the discontinuity is plotted in a dip
direction-strike frame and some planes are traced along the dip direction; (b) the intersections between the
planes and the surfaces are plotted as profiles to derive JRC by means of mathematical relationships.

The accuracy of the roughness estimated from point clouds is affected by the spatial resolution and
by the intrinsic noise associated with remote sensing tools. More in detail, an underestimation of the
discontinuity roughness can be caused by a low spatial resolution (smoothing effect), whilst an over-
estimation of the roughness may be the result of a noisy point cloud (Bitenc et al., 2019).
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2.5.1.4. Rockfall identification

Multi-temporal remote sensing acquisitions are of paramount importance to detect failures in rock
slopes by means of sequential point clouds comparison, and ensure exceptional levels of accuracy
(Rosser et al. 2005; Oppikofer et al. 2008; Abellan et al. 2011; Royan et al. 2013). Rock slope monitor-
ing from virtual outcrops provide more evenly distributed measurements compared to traditional
instruments like crack-metres, dilatometers and survey prisms, which are typically used in smaller
areas (Oppikofer et al. 2009; Prokop and Panholzer 2009; Jaboyedoff et al. 2012, 2018).

Rockfall detection is achieved through the comparison of successive acquisitions, aimed at identifying
changes between meshes or 2.5D surfaces oriented parallel to the strike of the slope. Three tech-
niques are typically carried out to identify displacements: displacement vectors calculation, point
clouds comparison, and rigid body transformation by means of roto-translation matrix.

The first approach is based on manually identifying and tracking common features within the point
clouds (Monserrat and Crosetto 2008; Travelletti et al. 2008; Oppikofer et al. 2008; Teza et al. 2008;
Pesci et al. 2011; Carrea et al. 2012). According to Abellan and co-workers (Abellan et al. 2014), the
most employed method to detect displacements is the point cloud comparison: the scanned area is
partitioned in smaller sub-regions and an Iterative Closest Point (ICP) algorithm is run to find the local
displacement vector between successive point clouds. In practice, differences between the compared
surfaces are calculated, and their values are interpreted to understand the failure mechanism. The
computed differences can be positive or negative, depending on whether the given point is located
above or below the reference dataset (Figure 2.31). According to Oppikofer and co-workers, positive
differences are associated to sliding, buckling, rotation, toppling, flexure, swelling or debris mecha-
nisms, while negative differences correspond to subsidence, shrinkage or rock failures (Oppikofer et
al. 2009).

However, this technique does not consider potential rotations between couples of sub-regions and
supposes rigid bodies. This issue was solved by Reshetyuk (2009) using a 3-D similarity transformation
to deal with more complex deformations. In practise, a roto-translation matrix between the data and
the reference point cloud is calculated to detect the displacements (Teza et al. 2007; Monserrat and
Crosetto 2007; Oppikofer et al. 2008).

Figure 2.31: Detection of surface changes through the distance computation between two consecutive point
clouds (after Vanneschi et al. 2017).
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2.5.1.5. Rockfall volume calculation

As stated by Abellan and co-workers (Abellan et al. 2014), once a rockfall is identified, it is possible
to measure not only 2-D geometric surface changes along the failure surface (height, width, area,
shape), but also 3-D volumes (e.g. Lim et al. 2005; Rosser et al. 2005; Rabatel et al. 2008; Oppikofer
et al. 2008; Carrea et al. 2015; Loye et al. 2016; Benjamin et al. 2018; Bonneau et al. 2019). A first
approach to quantify failed volumes from point clouds is based on the rasterization of the point
clouds to generate 2.5 D grids. The volumes are then calculated from the differences between the
grids (Olsen et al. 2015; Williams et al. 2018). However, Bonneau and co-workers and Di Francesco
and co-workers explained that the accuracy of the volume estimation is strongly affected by the res-
olution of the 2.5 D grid, which depends on the user-defined cell size (Bonneau et al. 2019; Di Fran-
cesco et al. 2020). More accurate estimations can be accomplished through the generation of a high-
resolution triangulated surface from the point clouds acquired previously and successively to the fail-
ure (Figure 2.32) (Guerin et al. 2017). In detail, the failed volume is isolated by segmenting and merg-
ing the failure surface (visible in the point cloud acquired after the failure) and the sub-region of
points corresponding to the failed mass (visible in the point cloud acquired before the rockfall). Then,
a 3-D feature is generated from the point cloud of the isolated mass by means of Poisson Surface
Reconstruction (Kazhdan and Hoppe 2013), and the volume is calculated as the sum of the elements’
volumes of which the feature is composed.
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Figure 2.32: Volume calculation method (after Guerin et al. 2017). (a) detection of the failed mass by means of
comparison of multi-temporal TLS and photogrammetry acquisitions; (b-d) raw and smoothed “open” mesh of
the failed volume; e-i) generation of a closed mesh and calculation of the failed volume.
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2.5.1.6. Rockfall prediction

Rock slope monitoring by means of remote sensing technique introduced recent advances in attempt
to predict failures in rock slopes. Imminent failures may be revealed through precursory rockfall evi-
dences (Sartori et al. 2003, Cruden and Martin 2007). Novel researches illustrated how the dilation
of joints and small volume precursory rockfalls (detected from point clouds) accelerated before the
larger failure (Rosser et al. 2005, 2007; Abellan et al. 2010; Royan et al. 2013; Kromer et al. 2015,
2017). Coherently, Pedrazzini and co-workers found out that the rate of small rockfalls decreased as
the study area was progressively stabilizing (Pedrazzini et al. 2010). Precursory rockfalls can be inter-
preted as an increase of internal stresses within the slope, with progressive displacements over time.
This process, known as progressive failure, is related to the consecutive tensile or shear strength re-
duction of rock bridges, and their consequent failure (Lawn 1993; Eberhardt et al. 2004, 2017; Schol-
tes and Donzé 2012; Scavia 2015). Thus, the detection of small volume rockfalls can help to predict
larger instabilities and plan mitigation measures.

2.6.  Methods for stability analyses in rock slopes

When dealing with rock slope stability investigations, the data collected during in situ geostructural
and geomechanical surveys are used as input for stability analyses, which are carried out to evaluate
the rock slope stability conditions, potential failure mechanisms and to assess the effect of different
processes and interventions. Both the conventional and innovative approaches for stability analyses
are reviewed in the following sections. The main characteristics, advantages and limitations of each
method are reported in Figure 2.33.

method parameters
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Critical slope and
discontinuity geometry;
representative shear
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material/joint shear
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geometry and surface
condition. Rock block
sizes, shapes, unit weights
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Simple to use and show failure
potential. Some methods allow
analysis of critical key-blocks. Can
be used with statistical techniques to
indicate probability of failure and
associated volumes.

Much software available for different
failure modes (planar, circular,
wedge, toppling, etc.). Mostly
deterministic but some probabilistic
analyses in 2-D and 3-D with
multiple materials, reinforcement
and groundwater profiles. Suitable
for sensitivity analysis of FofS to
most inputs.

Practical tool for siting structures
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probabilistic analysis. 2-D and 3-D
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Suitable for preliminary design or for
non-critical slopes, using mainly
joint orientations. Identification of
critical joints requires engineering
judgement. Must be used with
representative joint/discontinuity
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instability mechanisms and
associated determinacy
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and intact material failure not
considered. Simple probabilistic
analyses may not allow for
sample/data covariance.

Limited experience in use relative to
empirical design charts.

Figure 2.33: Characteristics, advantages and limitations of the conventional and numerical approaches for sta-

bility analyses in rock slopes (modified after Stead et al. 2006).

2.6.1. Conventional methods: Kinematic analyses and Limit Equilibrium techniques

In a first phase, deterministic or probabilistic stability assessments can be performed by means of
kinematic analyses using stereographic projections. Kinematic feasibility tests (e.g. Markland 1972)
are carried out to identify potential failure mechanisms, as well as the movement direction, on the

45



PART Il - REMOTE SENSING. Chapter 4

basis of the spatial orientation of both the rock slope and the discontinuities. Several commercial
software like Dips (Rocscience 2021a) and DipsAnalyst (Admassu and Shakoor 2013) are available to
run kinematic analyses for different failure types, such as planar sliding, wedge sliding, direct and
oblique toppling.

Limit Equilibrium methods are specifically used to study the stability of rock slopes affected by planar
or circular failure surfaces. The slope is treated as a rigid body whose stability is defined by the factor
of safety, which is the ratio between the restisting force along a well-defined failure surface (ultimate
stress) and the driving force acting on the same surface (working stress). For all shear-type failures,
the resisting and working stresses are expressed in terms of shear strength T (Wyllie 2017):

_ Ultimate stress T Ea. 2.30
" Working stress T, 9.

where T and t; are the resisting shear strength and the displacing shear strength along the sliding
surface, respectively. The limit equilibrium condition is reached when the driving forces equal the
resisting forces, i.e. when FS=1. Many Limit Equilibrium methods were reported in the literature and
differ on the investigated failure mechanism and on the hypotheses assumed to make the problem
statistically determined (Figure 2.34). For instance, mechanisms involving circular and non-circular
failure surfaces were discussed by Fellenius (1936), Bishop (1955) and Janbu (1973). Later, inter-slice
forces were considered by Morgenstern-Price (1965), Spencer (1967) and Sarma (1973).

Methods Equilibrium conditions satisfied Slip surface Use

Applicable to non-homogeneous slopes and c-# soils
Ordinary Method of Moment equilibrium about Circulaire slip  where slip surface can be approximated by a circle.
Slices (Fellenius, 1927) center of circle surface Very convenient for hand calculations. Inaccurate for

effective stress analyses with high pore water pressures.

Applicable to non-homogeneous slopes and c-o soils
where slip surface can be approximated by a circle. More

Bl?hOp'S Modificd Method Vertical eqmlll.br!um and overall Circular accurate than Ordinary Method of slices, especially for
(Bishop, 1955) moment equilibrium L.

analyses with high pore water pressures.

Calculations feasible by hand or spreadsheet.
Janbu’s Generalized Procedure Foroe equilibrium {vertical Any shape ir:;llf?(:l[‘bqliatﬁ;gn]—;:cu']a;ni F;?:itlllziicflfr.fﬂceq that are not
of Slices (Janbu, 1968) and horizontal) ¥ shap ) ) - ong p ’ ’

parallel to the ground surface.

An accurate procedure applicable to virtually all slope
All conditions of equilibrium Any shape geometries and soil profiles. Rigorous, well established
complete equilibrium procedure.

Morgenstern & Price’s Method
(Morgenstern & Price’s, 1965)

Spencer’s Method An accurate procedure applicable to virtually all slope
(Spencer, 1967) All conditions of equilibrium Any shape geometries and soil profiles. The simplest complete
equilibrium procedure for computing factor of safety.

Figure 2.34: Main Limit Equilibrium methods (after Duncan 1996).

Commercial computer programs such as RocPlane (Rocscience 2021b), Swedge (Rocscience 2021c),
Slide3 (Rocscience 2021d) and CLARA-W (Hungr 2001) allow to apply these methods relatively fast
and to perform sensitivity analyses to estimate the factor of safety with discontinuity parameters
varying in a range, rather than assuming unique values. However, these softwares are limited to sim-
ple blocks simulations and are not suitable to more complex geometries and conditions. In fact, as
pointed out by Stead and co-workers (Stead et al. 2006), limit equilibrium methods and related com-
puter codes do not account for non-persistent failure planes, although some attempts were made by
numerous researchers (Jennings 1970; Baczynski 2000; Kemeny 2003), and do not allow to simulate
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progressive failures (Bjerrum 1967; Chowdhury and A-Grivas 1982) or internal deformation of the
rock mass.

2.6.2. Numerical methods

2.6.2.1. Introduction

Numerical methods have considerably evolved in the last 25 years to overcome some of the limita-
tions to which the Limit Equilibrium methods are subjected, and are currently the most practised
techniques in engineering geology to investigate landslides in soil and rock slopes. Recent develop-
ments in computing techniques allowed faster and extensive application of these methods to predict
the mechanical behaviour of rock slopes in a more realistic context, since it is possible to set different
parameters such as in situ stresses, water levels, different constitutive laws and boundary conditions
for complex geometrical surfaces.

According to Lorig and Varona (2004), the key points of numerical methods can be summarised as
follows:

e Numerical models can predict the failure mechanism as well as the most unfavourable failure
surface.

e Oversimplification of the modelled slope can be overcome by integrating complex geologic
and hydrologic conditions (i.e. folds, faults, weathered zones, groundwater), thus obtaining
more realistic results.

e Numerical approaches can describe complex mechanical behaviour of rock slopes.

e Different failure mechanisms, topographies and design options can be investigated in rela-
tively short computational times.

In practice, the model of the study object is divided (discretized) into zones to which the correspond-
ing material and constitutive law are independently assigned to describe the material behaviour in
different stress conditions (Read and Stacey 2009). The computation is performed by simulating dif-
ferent processes (i.e. excavations, seismic activity, changes of the water level, application of loads)
using advanced algorithms. The mechanical response of the rock mass is given in the form of graphic
outputs showing parameters like stresses and displacements that help to evaluate if the stability is
achieved despite the simulated process, or to identify the mechanisms in case of failure.

2.6.2.2. Factor of safety

The stability of rock slopes by means of numerical methods is assessed by means of the factor of
safety (FS), defined as the ratio of the actual shear strength to the minimum shear strength required
to prevent failure (Wyllie 2017a). Numerical methods allow to define the factor of safety of a slope
by means of the Shear-strength Reduction method (SSR) (Zienkiewicz et al. 1975; Hammah et al. 2005;
Hammah and Yacoub 2006), which consists in gradually reducing the shear strength properties (i.e.
cohesion c and friction angle ¢) of the rock materials by a trial factor of safety f until the collapse
occurs. For each iteration, the reduced cohesion and friction angle are:

1
Cirial = (?) c Eq. 2.31

tan® . 2.
Diial = arctan( ) Eq. 2.32
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When failure is achieved, the factor of safety is equal to the trial factor of safety:

FS=f Eq. 2.33

2.6.2.3. Continuum, discontinuum and hybrid approaches

Nowadays, the most common codes for numerical stability analyses are based on continuum, discon-
tinuum and hybrid methods. Early codes were introduced in the form of continuum approaches
through which the model is discretised into a finite number of elements whose behaviour is approx-
imated by simpler mathematical descriptions with finite degrees of freedom. The sub-domains must
satisfy both the governing differential equations of the problem and the continuity condition at their
interfaces with adjacent elements (Jing 2003). Continuum codes are based on Finite-Element (FEM),
Finite Difference (FDM) and Boundary Element (BEM) methods, which solve the same equations using
different computational techniques (i.e. time-steps, matrixes) (Wyllie 2017). Both the techniques are
based on the principle that at all points of the domain, the material cannot be broken into pieces,
therefore all the material points originally in the neighbourhood of a certain point will remain in the
same neighbourhood throughout the deformation process (Jing 2003).

These procedures are typically used for slopes constituted by soils, weak rocks or rock masses where
failure is controlled by the deformation of the intact material or where a few discontinuities are pre-
sent (Hoek et al. 1991; Coggan et al. 1998; Stead et al. 2006). Major structural features such as faults
can be represented as interfaces between regions of continuum behaviour. Early numerical analyses
by means of continuum approaches were performed to assess the stability of rock cuts and open pits
(e.g. Krahn and Morgenstern 1976; Kalkani and Piteau 1976; Carranza-Torres et al. 1997; Bye and Bell
2001; Stacey et al. 2003; Guadagno et al. 2003). In recent years, advanced continuum-approach soft-
wares able to carry out three-dimensional stability analyses were introduced. Some of the most used
software are RS3 (Rocscience 2021e), FLAC3-D (ltasca 2019) and Plaxis3-D (Bentley 2013). The ad-
vantages and limitations of finite-element methods and finite-difference methods are discussed by
Hoek and co-workers (Hoek et al. 1991) and Jing (2003).

On the other hand, discontinuum approaches are commonly adopted to model rock slopes where the
potential failure is controlled by persistent discontinuity sets, and allow to characterize both the in-
tact rock and the discontinuities. The fractured medium is represented as an assemblage of blocks
formed by connected fractures. At present, discontinuum methods are classified as Distinct Element
Methods (DEM), Discontinuous Deformation Analysis (DDA) and Bounded Particle Method (BPD). For
each technique, the medium is considered to be formed by rigid or deformable blocks (discrete ele-
ments) that interact with each other and can be exposed to gravity or external loads. The equations
of motions are solved throughout the analysis considering the contacts between the blocks. Exhaus-
tive description of the methodologies and computational techniques are reported by Jing (2003) and
Bobet and co-workers (Bobet et al. 2009). Some applications of discontinuum approaches were pro-
posed as solutions to study the stability and kinematics of large landslides (Sitar and MacLaughlin
1997; Eberhardt et al. 2005; Gischig et al. 2011; Gigli et al. 2011), quarries (Costa et al. 1999), and
mines (Hutchison et al. 2000), to investigate the effect of the geometry of non-persistent joints on
the stability of rock slopes (Kulatilake et al. 1992; Bahrani et al. 2014), and to study hydraulic fractur-
ing (Damjanac and Cundall 2016). Despite the use of these methods for three-dimensional analyses
is limited due to practical and economic reasons (Stead et al. 2006), some pioneering works were
introduced in the literature to explore the potentialities of 3-D discontinuous approaches using 3-DEC
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(Itasca 2020) (e.g. Adachi et al. 1991; Zhu et al. 1996; Corkum and Martin 2002; Kalenchuk et al. 2011;
Spreafico et al. 2016) and Yade (Boon et al. 2014).

Recently, hybrid models (continuum/discontinuum methods) were proposed as innovative ap-
proaches to analyze complex situations involving progressive failures associated to internal dilation
and fracturing (Eberhardt et al. 2004; Vyazmensky et al. 2010; Lollino and Andriani 2017), which are
typical of slopes constituted by blocky rock masses where instability is achieved through the progres-
sive failure of rock bridges.

A sketch of the continuum, discontinuum and hybrid methods, a short description and their ad-
vantages and limitations are provided in Figure 2.35 and Table 2.11. In-depth descriptions, applica-
tions and reviews of these methods are reported in Sharma and co-workers (Sharma et al. 1999), Jing
(2003) and Bobet (2010).

Unquestionably, the choice of the numerical approach depends on the physical and mechanical char-
acteristics of the rock mass in question and on the considered scale (Edelbro 2003). Aimed at prelim-
inarily assessing the appropriate numerical technique and at focusing on the critical parameters that
should be further explored, Brideau and co-workers (Brideau et al. 2009) suggested some relation-
ships among the GSI and the expectable failure mechanisms. More in detail, 5 zones were identified
on the GSI chart depending on the structure of the rock mass and the surface conditions, each of
which can be approached using a specific method (Figure 2.36).

joints faults

joint
element
(b)

element of
displacement
discontinuity
(c) (d)

Regularized
discontinuity

Figure 2.35: Representation of a rock mass using different numerical approaches (after Jing 2003). (a) sketch of
the rock mass; (b) discretisation by means of Finite Difference Method or Finite Element Method; (c) discreti-
sation by means of Boundary Element Method; (d) discretisation by means of Discrete Element Method.
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Table 2.11: Summary of the main numerical methods commonly adopted for rock slope investigations (modi-
fied after Stead et al. 2006).

50

Analysis
method
CONTINUUM
MODELLING

(e.g. finite element,
finite difference,
boundary)

DISCONTINUUM
MODELLING

(e.g., distinct ele-
ment, DDA)

HYBRID FINITE-/DIS-
CRETE-ELEMENT
CODES

Critical input
parameters
Representative slope ge-
ometry; constitutive cri-
teria, groundwater char-
acteristics; shear
strength of surfaces; in
situ stress state.

Slope and discontinuity
geometry; intact consti-
tutive criteria; disconti-
nuity stiffness and shear
strength; groundwater
and in situ stress condi-
tions.

Combination of input pa-
rametersfor both contin-
uum and discontinuum;
damping factors; tensile
strength and fracture en-
ergy release rate for frac-
ture simulation.

Advantages

Allows for material defor-
mation and failure, in-
cluding complex behav-
iour and mechanisms, in
2-D and 3-D with coupled
modelling of groundwa-
ter. Can assess effects of
critical parameter varia-
tions on instability mech-
anisms.

Allows for block defor-
mation and movement of
blocks relative to each
other. Can model com-
plex behaviour and mech-
anisms (combined mate-
rial and discontinuity be-
haviour, coupled with hy-
dro-mechanical and dy-
namic analysis).

Combines advantages of
both continuum and dis-
continuum methods. Cou-
pled finite-/discrete-ele-
ment models able to sim-
ulate intact fracture prop-
agation and fragmenta-
tion of jointed and bed-
ded media.

Limitations

Users should be well
trained, experienced,
observe good modelling
practice and be aware of
model/software limita-
tions. Input data gener-
ally limited, and some
required inputs are not
routinely measured.

As above, experienced
users needed. General
limitations similar to
those listed above.
Need to simulate repre-
sentative discontinuity
geometry (spacing, per-
sistence, etc.). Limited
data on joint properties
available (e.g., joint
stiffness, jkn and jks).

Complex problems re-
quire high memory ca-

pacity. Comparatively
little practical experi-
ence in use.
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GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS
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Figure 2.36: Numerical methods suggested according to the GSI (after Brideau et al. 2009).

2.6.3. Recent advances in geomechanical modelling: Discrete Fracture Network

Significant progresses were made in rock engineering through the implementation of Discrete Frac-
ture Networks (DFNs) techniques for rock slope modelling. The application of DFNs was promoted in
the late nineties by several research groups (Long et al. 1982; Baecher 1983; Andersson et al. 1984;
Dershowitz and Einstein 1988; Staub et al. 2002; EImo 2006), but they have been gaining popularity
only in the last few years with the advent of specific advanced commercial softwares. The principle
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of DNFs in rock slope characterization consists in treating the discontinuities and their properties such
as location, orientation, persistence, spacing, termination mode and intensity as random variables
with inferred probability distributions (Xu and Dowd 2010; Wyllie 2017). At present, 3-D geomechan-
ical modelling codes such as FracMan (Dershowitz et al. 1994; Golder Associates 2018), Resoblock
(Merrien-Soukatchoff et al. 2012) and Fracas (Xu and Dowd 2010) are provided with DFN generators
that allow to produce more realistic models and to investigate the effect of the size and space varia-
bility of discontinuities on slope stability. Novel research proposed the implementation of fracture
networks obtained by means of DFNs approaches in codes for numerical modelling, as shown by Ha-
vaej and co-workers (Havaej et al. 2016) and Montiel and co-workers (Montiel et al. 2020), who used
the discontinuum method code 3-DEC to understand the effects of the stochastic nature of geologic
structures on the stability of a slate quarry and of an open pit mine, respectively (Figure 2.37).

T

)

Figure 2.37: Integration of discontinuities generated by means of DFNs method in numerical modelling to per-
form stability analyses in an open pit mine (after Montiel et al. 2020).
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2.7.  Research approach

The main objective of this PhD thesis is to elaborate a workflow for rock slope stability analyses based
on the integration of field surveys, geotechnical investigations, remote sensing techniques and 3-D
numerical modelling. However, before achieving the final goal, the detailed literature review that was
carried out throughout the doctorate activity brought to arise some questions and to propose some
implementations during the research.

A. Remote sensing technologies were introduced for rock slope characterization to overcome
the main limitations of conventional geostructural surveys, such as low accessibility, safety risk, in-
strument and human bias. However, although many researches (most of them at the laboratory scale)
were carried out to outline the main advantages and limitations of TLS, traditional photogrammetry
and UAV methods, it appears that they were not directly compared to each other to assess their
reliability. More specifically, the following questions emerged after the literature review:

1. From a practical standpoint, is there any difference among TLS, terrestrial-SfM and UAV-
SfM techniques, in terms of accuracy, site conditions, required time and economical re-
sources?

2. Does the choice of the survey technique influence the results of rock slope characterization
and monitoring from point clouds or triangulated surfaces?

3. Moreover, when dealing with the extraction and characterization of discontinuity sets from
point clouds, regardless of the survey technique, does the chosen method provide different
results with respect to the others proposed in the literature?

To answer these questions, the abovementioned remote sensing techniques were carried out in an
appropriate case study and quantitatively compared to each other to assess their quality by consid-
ering different factors. In addition, two methods with different degree of automation for discontinu-
ity extraction and characterization from each point cloud were tested and compared to the results of
conventional geostructural and geomechanical surveys to answer questions number 2 and 3. This
research approach is illustrated in Chapter 4.

B. InfraRed Thermography (IRT) in Geosciences is relatively recent and very few researches ad-
dressed its application for rock mass characterization. For this reason, further investigations were
carried out during this PhD, with the purpose to answer the following questions:

4. Isthe IRT technique useful for rock mass characterization at a relatively large scale for sites
characterized by lithological units with similar diffusivity, mild climate, dense vegetation
and anthropogenic disturbances?

5. Are other survey techniques needed to interpret the thermal response of rock masses?

Aimed at evaluating the applicability of IRT techniques in these conditions, a 24 hours thermal mon-
itoring was performed in a complex study area and the acquired thermograms were analyzes to solve
the raised questions (see Chapter 5).

C. As outlined in section 2.5, many methods to perform rock mass characterization from three-
dimensional datasets were introduced in the last decades. Nevertheless, this approach can be chal-
lenging to investigate sub-vertical and low-relief areas, since only a limited number of discontinuities
can be extracted in the form of planar surfaces, with the risk of obtaining unproper results (e.g. set
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spacing overestimation). At present, bi-dimensional analyses, which are more accurate in these cases,
require the application of conventional field surveys or in any case the analysis of discontinuity trace
maps by means of complex and time-consuming techniques (see section 2.1).

6. To solve these limitations, methods and formulas proposed in the literature were adapted
to a digital environment by developing and validating a specific MATLAB routine for quicker
and more efficient 2-D discontinuity analysis from orthophotos collected by means of re-
mote sensing techniques.

The last phase of the study focused on summing up the different research activities to achieve the
main objective of the PhD thesis:

7. How can the data obtained by means of remote sensing techniques and conventional geo-
structural and geomechanical surveys be optimally combined to perform sophisticated rock
slope stability analyses?

As a matter of fact, the most common approaches to carry out stability analyses by means of numer-
ical modelling (considering software availability and costs) do not fully exploit the results of rock mass
characterization from Digital Elevation Outcrops (DOMs), with the consequence that large part of the
work is not implemented in geomechanical models. For this reason, many tests were carried out to
generate a realistic geomechanical model of the case study by combining the 3-D model with the
results of the geostructural and geomechanical characterization (from point clouds and from site in-
vestigations) and with the physical and mechanical properties of the rock materials. All the tests al-
lowed the execution of advanced stability analyses by means of 3-D and 2-D Finite Element Method
optimized through the implementation of the discontinuity sets, as well as the identification of po-
tential triggering factors and carry out specific simulations in order to assess the rock slope stability
in different scenarios.

Finally, a complete procedure to evaluate rock mass stability by means of remote sensing techniques
and conventional geostructural and geomechanical surveys was set up. This subject was addressed
in Chapter 7, where numerical models were used to validate the proposed methodology and to eval-
uate the effects of the discontinuities in the study site, as well as to perform a preliminary stability
assessment.
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Chapter 3 Case study

3.1.  Geological and geomorphologic setting

The study sites are located in the urban area of the municipality of Polignano a Mare (Bari province),
southern Italy, along the Adriatic side of the Apulian coast (Figure 3.1).

Pietra Piatta
site

Lama Monachile
site

Figure 3.1: Geographic location of the study area.

The area falls at the northern part of Sheet no. 190 Monopoli of the Geological Map of Italy, at scale
1:100.000. The geologic setting is represented by an about 3 km-thick Cretaceous carbonate bedrock
belonging to the Calcare di Bari Fm., uncomformably overlain by Plio-Pleistocene calcarenite deposits
attributable to the Calcarenite di Gravina Fm. From a geodynamic standpoint, during the Late Ceno-
manian and Turonian, the Cretaceous succession related to a wide carbonate platform was subjected
to temporary emergence of some sectors, including the Murge Plateau, to which the study area be-
longs, as consequence of the Alpine orogenesis (Mindszenty et al. 1995). Such emergence brought to
the first occurrence of karst processes on the exposed carbonate outcrops, and the development of
karst systems (Sauro 1991; Parise 2011). The collision between the African and European Plates
started in the Oligocene originated the opposite-vergence Apennininic and Dinaric chains (Ricchetti
et al. 1988; De Alteriis and Aiello 1993; Argnani et al. 1993), of which the Murge Plateau, together
with other zones, constituted the foreland (Figure 3.2). The Miocene-Early Pleistocene migration of
the South Apennine system towards the east led to the arching of the Adriatic plate and the conse-
guent development of faults on both the Apennine and Dinaric sides (Ricchetti and Mongelli 1980;
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Ricchetti et al. 1988). The Apenninic through, namely Bradanic Through, which was delimited on the
east and west sides by the Apenninic Chain and the emerged sectors of the Apulian foreland,
respectively, was filled by allochthonous deposits deriving from the erosion of the Apennines
(Casnedi et al. 1982). To the east, the subsidence of the Apulian foreland led to the erosion of the
Cretaceous bedrock and consequent deposition of the Calcarenite di Gravina Fm. During the Early
Pleistocene, a drastic change of the geodynamic setting led to a slow regional uplift of both the Apu-
lian Foreland and the Bradanic Through (Ciaranfi et al. 1983; Doglioni et al. 1994, 1996) that, together
with absolute sea level changes, determined the sea regression up to the current level and the for-
mation of marine terraces degrading toward the present sea level (Ricchetti et al. 1988).
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Figure 3.2: (a) Geologic sketch of Apulian Foreland and Bradanic Through (modified after Pieri et al. 1997); (b)
geologic section of southern Italy (modified after Sella et al. 1988).

The marine terraces are visible in the form of relatively flat terrains, parallel to the coastline and
slightly dipping toward the Adriatic Sea, linked by sub-vertical steps, which represent the paleo-coast-
lines (Bruno et al. 1995; Dini et al. 2000; Mastronuzzi and Sanso 2002). Several karst incisions, locally
named lame, cross the marine terraces until reaching the Adriatic Sea. Lame are slightly incised and
flat-bottomed generally dry valleys, but they can channel waters during intense rainy events, thus
originating flash floods in the Apulian karst environments (Parise 2003; Mossa 2007; Martinotti et al.
2017; Gentile et al. 2020).

The rock coast of the neighbouring zones is formed by promontories and inlets gently dipping toward
the sea, locally interrupted by pocket beaches made up by coastal erosion materials, where lame
reach the sea. Locally, the coast is constituted by sub-vertical and plunging cliffs reaching altitudes
up to 20 metres, as in the case of Lama Monachile site. Karst landforms like karrens, conduits and
caves are widespread in the study area (Favale and Sauro, 1994; Parise et al., 2013; Rudnicki, 2003)
and are predominantly related to the continental phase, which lasted for large part of the Tertiary,
determined by the Apenninic orogenesis.
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3.2.  Geostructural setting

The Murge area is formed by a monoclinal structure slightly dipping toward S-SW (up to 15°), with
trend compatible with the Apennine fold-and-thrust belt system (Lavecchia et al. 2003) probably in-
fluenced, at the regional scale, by a gentle regional fold named Anticlinale di Monte Acuto in the
northern area and by a gentle anticline with ESE plunging hinge line trending close to the Adriatic
Sea (Ricchetti 1980; Ciaranfi et al. 1988; Ricchetti et al. 1988). The Murge area is characterized by
prevailing brittle tectonic structures developed during the Tertiary as a consequence of the genesis
of the Apenninic and Dinaric chains. Two major fault systems are present at the regional scale: high-
angle normal faults striking in the range EW-N140, dipping mostly toward NNE (Apenninic system)
and high-angle faults striking in the range NS-N050, mostly dipping toward NW (anti-Apenninic sys-
tem) (Pieri et al. 2012). Gentle anticlinal and synclinal folds with axes oriented parallel to the Apenni-
nic system, as well as horsts and grabens, are related to the first system, whose origin is prior to the
deposition of the Quaternary calcarenites. According to Festa (1999, 2003), the normal faults striking
EW-N140 are partly constituted by ancient re-activated structures whose strain ellipse is compatible
with the NE-SW directed extension that was active at least from Late Cretaceous (Figure 3.3). On the
other hand, the orthogonal system is thought to be more recent, as it locally interrupts folds and
faults belonging to the first system. As a matter of fact, the activity of the NS-NO50 faults, related to
strike-slip cinematics associated with Apenninic thrusts (Doglioni et al. 1994, 1996), is dated back to
the time span from the Early Pleistocene to the present. The Quaternary tectonic activity of Apulia
region is also demonstrated by the presence of alluvial terraces, which progressively formed at lower
elevations as the Apulia region was subjected to uplifting.
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Figure 3.3: Resuming sketch of the late Cretaceous brittle deformation of the Murge area (modified after Festa
2003), mA and MA indicate the minor and major strain axes, respectively. The study area is located in the
Northern Deformation Zone (NDZ). Mesoscopic and macroscopic structures are represented by NNW-SSE
trending normal faults, E-W trending right trans-tensional mesoscopic faults, ENE-WSW trending sub-vertical
axial plane traces of macroscopic open folds and sub-horizontal NW-SE directed tectonic stylolite peaks.
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3.3. Hydrogeological setting

From a hydrogeological standpoint, the Murge area is characterized by the karst aquifer of the Mes-
ozoic carbonate units of the Apulian platform. The groundwater recharge area is located landwards,
up to 40 km from the coast, where the calcareous units crop out continuously and karst landforms
favour infiltration (Parise 2011; Pieri et al. 2012). Groundwater flows under pressure, with head gra-
dient of 0.1-0.5%, towards the base level corresponding to the sea (Grassi and Micheletti 1972; Cotec-
chia et al. 1983, 2001; Cotecchia 2014). More in detail, the hydrogeological domain of the study sites
is related to the permeability of the Calcarenite di Gravina and Calcare di Bari Fm.s, which are char-
acterized by different hydraulic conductivity k, related to the pore size and distribution. More in
detail, pores in the rock particle system of the calcarenite units are usually interconnected and con-
tinuous (high open primary porosity), contrarily to the limestone units, characterized by isolated voids
(secondary porosity) (Andriani and Walsh 2003; Cherubini et al. 2018; Andriani et al. 2021). At a
smaller scale, infiltration occurs by means of secondary porosity through the system of fractures and
karst voids diffused in the study area (Andriani and Walsh 2007; Parise et al. 2020; Liso et al. 2020),
with k values up to 101102 cm/s. Several springs are located along the coast, especially where cal-
carenites crop out (Liso and Parise 2020). Freshwater lies above the seawater and intense karst pro-
cesses take place in the mixing zone (Rudnicki 1973; Sauro 1991), where the hydraulic conductivity is
particularly high. In addition, Polignano a Mare locality is affected by marine water intrusion that is
favoured by the ongoing excessive overexploitation of Apulian groundwater resources, as in many
other towns of Apulia region (Cotecchia et al. 1997, 2005). The water table is located at 15-25 m
below the topography and the groundwater flows toward N-NNE, while direct discharge in the sea
occurs by means of a coastal spring in proximity of the cave named Grotta Palazzese (Figure 3.4). As
outlined above, the surface-water flow follows the karst incisions crossing the Murge area toward
the Adriatic Sea.
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Figure 3.4: Isopiezic map of the karst aquifer of the Murge area (from Piano di Tutela delle Acque (PTA) of Apulia
region, available at www.sit.puglia.it).

3.4. Marine erosion and meteo-marine conditions

Marine erosion occurs at the toe of the cliffs diffuse along the coast by means of hydraulic and me-
chanical action on the exposed face. Hydraulic processes simultaneously operate through
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compression, tension, shearing and explosive forces. Compressive forces act perpendicular to the
rock face when assailing waves break in front of the rock cliff, tension forces are caused by receding
waves, shearing occurs when masses of water are thrown against the cliff and generate tangential
stresses (Sunamura 2015). In addition, strong waves splashing against the rock cliff push compressed
air inside the fractures and voids, generate compressive stresses and further rock mass degradation
(explosive force). On the other hand, mechanical action is represented by wearing, grinding or scrap-
ing of the cliff face caused by loose materials transported by the wave motion and thrown against
the cliff during intense storms (abrasion). As pointed out by Sunamura (2015), erosion takes place
when the wave assailing forces exceed the rock mass resisting forces, which depend on the rock ma-
terial strength properties and geological structures such as discontinuities. However, rock mass re-
sisting forces tend to be reduced over time as incessant stresses caused by marine action (cyclic load-
ing) generate crack initiation and propagation. This concept, known as fatigue, was investigated by
many authors, among which Brossard and Duperret (2004) and Adam and co-workers (Adams et al.
2005).

Undoubtedly, knowledge of the local meteo-marine conditions of the study site, with particular ref-
erence to winds and sea storms, is fundamental to estimate the wave motion in attempt to assess
landslide susceptibility. For this reason, anemometric and ondametric data (collected by the Italian
Air Force-Aeronautica Militare) of the measurement stations close to the study area were analyzed.
The most frequent annual winds registered at Bari Palese (about 35 km NW from the study area)
come from W, SSW, WSW and S, with frequencies of 13.1%, 10.1%, 9.8% and 7.2% (Figure 3.5). With
regards to the wind intensity, 48.5% of the wind population belongs to classes I-1l of the Beaufort
scale (v € 11 km/h; v<7 nodes), 30.5% is represented by classes Ill and IV (v=12-29 km/h; 8< v<17
nodes) and only 2.5% is characterized by higher velocities, mostly corresponding to winds coming
from N, NNW and S.

Data recorded by the ondametric station in Monopoli (about 8 km SW from the study area) were
observed to estimate the annual frequency of occurrence of sea storms. As shown in Figure 3.6, in-
tense sea storms come mostly from NNW (25.5%), corresponding to the greatest fetch, and are fol-
lowed by storms coming from N (17.2%), ESE (15.2%), E (14.6%), ENE (12.0%) and NNE (10.5%). About
half of the events are characterized by significant wave heights smaller than 0.5 m, while 31.5% and
2.5% are represented by significant wave heights of 0.5-1m and 2-3 m, respectively. The maximum
wave amplitude (4.0 m) recorded close to the coastline came from the N and NNE (Maracchione et
al. 2001).

Bari-Palese a Bari-Palese b
N Frequenze di apparizione delle classi di velocita
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Figure 3.5: Rose plot (a) and histogram (b) of the annual wind frequencies registered by the anemometric meas-
urement station in Bari-Palese (from Piano Regionale delle Coste (PCR) of Apulian Region www.sitpuglia.it).
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Figure 3.6: Rose plot of the annual sea storm frequencies (a) and histogram of the significant wave height (b)
registered by the ondametric measurement station in Monopoli (from Piano Regionale delle Coste (PCR) of
Apulian Region www.sitpuglia.it).

3.5. Lama Monachile and Pietra Piatta sites

3.5.1. Lama Monachile site

Lama Monachile site belongs to the above-mentioned karst incisions crossing large part of the Murge
area until reaching the Adriatic Sea. The incision, oriented SSW-NNE, crosses the town of Polignano
a Mare for about 250 m, developing from an altitude of 25 m to the sea level, where an about 1900
m? wide pocket beach, constituted by loose materials derived mainly from the coastal erosion, is set.
A series of alluvial terraces related to the glacio-eustatic sea level changes are visible along both sides
of the lama. The NNE sector of Lama Monachile is set in a plunging cliff (Figure 3.7) up to 20 m high,
with sub-vertical walls steeply passing down into deep nearshore water (Bird 2011). The top of the
cliff is famous all over the world for the historic centre of Polignano a Mare, which attracts many
tourists throughout the year and hosts international sport competitions (Figure 3.8).

Figure 3.7: Plunging cliff sketch (a) (after Sunamura 1992) and marine notch (b) (after Kogure et al. 2006).
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Figure 3.8: Panoramic view of Lama Monachile site (photo taken on 20/10/2021). Note the anthropogenic mod-
ifications along the hydrographic network, the buildings located at the top of the cliff and the presence of peo-
ple also in an Autumn weekday afternoon.

The karst incision is set in both the Calcare di Bari and the Calcarenite di Gravina Formations and
offers a 3-D exposure of the geology of the area. The presence of alluvial and anthropogenic terraces
facilitates the observation of the macroscopic and microscopic fabric of the outcropping facies, as
well as the collection of information on the stratigraphic relations. However, it has to be noted that
human interventions like excavations and building constructions mostly obliterated the original cal-
carenite structure, and strongly complicate the on-site recognition. The Calcare di Bari Fm. is formed
by alternating thin (Calcari a chiancarelle) to medium bedded micritic and dolomitic levels, for a total
height of 18 metres. The whitish micritic facies has a mud-supported fabric with grains mostly consti-
tuted by bioclasts, which are not visible in the greyish-brownish dolomitic facies, in which the dolo-
mitization process obliterated the original texture. The Calcare di Bari Fm. has a monocline structure,
with generally sub-horizontal layers, locally folded (maximum dipping 10°). Sub-vertical discontinui-
ties are widespread in the limestone and dolostone levels, and locally cause an intense jointing de-
gree of the rock mass. The Calcarenite di Gravina Fm., which at Lama Monachile site has a maximum
thickness of 8 metres, overlies the Cretaceous bedrock through an angular erosional unconformity.
This unit has a massive appearance and is made up of yellowish-greyish coarse to medium size bio-
clasts such as fragments of lamellibranchs, brachiopods, gastropods and serpulids.

The rock mass is characterized by sub-vertical joints and thin-to-medium bedded layers whose inter-
sections determine the formation of potential unstable blocks with variable volumes. As a matter of
fact, several boulders and rock fragments, mobilized from the cliff, are occasionally visible below the
sea level (Figure 3.9b). The majority of these blocks belongs to the Calcarenite di Gravina Fm and is
related to simple structurally-controlled failures (i.e. toppling, sliding). However, potential instabili-
ties related to complex mechanisms involving several rock blocks belonging to both formations are
well visible along the cliff (Figures 3.93, c).
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It must be remarked that the instability processes observed at Lama Monachile site, although con-
trolled by its geomorphological, lithological and structural setting, are the result of the jointed action
of different factors such as marine erosion, chemical solution, biological, subaerial processes, and
human activity.

In detail, waves breaking against the coast, together with biochemical-biophysical erosion by algae,
bacteria, molluscs, benthic foraminifers and echinoids (Neumann 1997), contribute to form a notch
along the cliff at the sea level (Figure 3.9a).

Moreover, being a carbonate rock mass, chemical processes play a key role for the cliff evolution. As
a matter of fact, epigean and hypogean karst landforms such as corrosion voids and cavities, due to
the dissolution of the carbonate rocks by carbon dioxide rich waters, are widespread in both geolog-
ical units. Chemical dissolution is particularly active in the mixing area between fresh water and sea
water, as demonstrated by several karst caves formed in the Calcare di Bari Fm. at the sea level (Fig-
ure 3.9c). Wave undercutting causes deepening of the notch, with consequent loss of support of the
overlying levels and localized failures. Furthermore, bedding surfaces and joints developed especially
in the limestone and dolostone units favour the circulation of chemically aggressive waters, produc-
ing cave expansion and progressive collapses to achieve stability through arc-shaped structures
(Diederichs and Kaiser 1999; Waltham et al. 2005; Parise 2010).

Figure 3.9: Different factors contributing to cliff retreat; (a) notch at the sea level formed by the interaction of
mechanical wave erosion, chemical alteration and bioerosion; (b) boulders occasionally visible below the sea
level related to localized failures of the rock mass and densely populated beach at the base of the cliff (retrieved
from www.appulia.net); (c) karst caves produced by dissolution of limestones and dolostones.

In addition to physical erosion by sea waves and chemical dissolution, subaerial weathering also con-
tributes to the rock mass deterioration. In the study area, subaerial weathering is mainly caused by
salt crystallization determined by marine spray, which transports sea salt particles in the atmosphere
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(Blanchard and Woodcock 1980; Zezza and Macri 1995). Aerosol particles are removed from the air
by dry (gravity) or wet deposition (wash-out and rain-out) and salt crystallization takes places on the
exposed rock surfaces (Torfs and van Grieken 1997). Crystals deposited within the pores and cavities
of the rock materials can grow or be hydrated, changing their volume, as consequence of relative air
humidity changes (Amoroso and Fassina 1983). This process causes stresses within the pores, dis-
aggregation and crumbling of the surfaces, with consequent rock mass degradation, especially in the
more porous Calcarenite di Gravina Fm.

Moreover, anthropogenic modifications of the coast morphology by means of excavations and build-
ing structures especially in the easily workable calcarenites, contribute to rock mass degradation, as
in many sites of the Apulian territory (Andriani and Walsh 2007; Lollino et al. 2013; Gutiérrez et al.
2014; Andriani and Loiotine 2020).

All the mentioned factors act together to reduce the rock mass strength and represent a serious haz-
ard for the cliff stability (Parise et al. 2015; Vennari et al. 2020). Considering the historical heritage of
the town located on the top of the cliff and the high population density of the beach at its base for
large part of the year, even small-size potential instabilities may cause severe consequences. Indeed,
in relation to the presence of elements at risk and to high landslide and hydraulic hazard (the latter
along the karst incision), Lama Monachile site and the adjacent east coast have been mapped by local
authorities as areas of high hydro-geomorphological risk (Figure 3.10).
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Figure 3.10: Identification of landslide hazard (a), hydraulic hazard (b) and risk (c) zones in the study area ac-
cording to Piano d’Assetto Idrogeologico (PAIl) of Apulia region (available at http://webgis.adb.puglia.it/). (d)
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Legend of the hazard and risk maps. Lama Monachile site is located in high landslide and hydraulic hazard zones
and falls in the highest risk category (R4).

3.5.2.  Pietra Piatta site

Pietra Piatta site is a 6400-m?, low-relief platform developing from 10 m above the sea level to the
current coastline. The area is located about 90 m west of the axis of Lama Monachile site and it is
surrounded by the sea except for the SW zone, through which it is connected to the inland. The plat-
form reaches a maximum length and width of 135 m and 90 m, respectively, and stepped scarps with
height ranging between 0.5 and 2 m are located in the eastern side. Due to erosional processes, the
Calcarenite di Gravina Fm. crops out only in the external zone, whilst the central area offers a detailed
view of the Calcare di Bari Fm. Also in this site, the limestone unit is formed by alternating thin to
medium bedded whitish micritic and greysh-brownish dolomitic levels, whose stratigraphic relation-
ships are visible along the highest steps. The Calcare di Bari Fm. has a monocline structure, with gen-
erally sub-horizontal layers (dipping maximum 5°). The lack of vegetation and of man-made structures
offers a detailed view of the rock mass fracturing conditions. Several discontinuity traces, arranged
in a specific fracture pattern (see Chapter 6), can be observed on the flat surfaces of the rock mass
and, together with the bedding surfaces, determine the formation of discrete blocks.

Given the lack of significant relief and the presence of extended flat surfaces, this outcrop is less
subjected to instabilities with respect to Lama Monachile site. However, several on-going failures are
located along the perimeter of the outcrop where the continuous wave action, combined with bio-
logical activity, karst and subaerial weathering, contributes to the opening of the major fractures
(Figure 3.11) and to the toppling and sliding of large blocks.

Figure 3.11: Toppling and sliding mechanisms at Pietra Piatta site caused by the geostructural setting and the
combined action of wave assault, biological activity, chemical dissolution and weathering. The 3-D model used
to illustrate the failures was obtained by means of Structure from Motion (see Chapter 6).
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Although the failures are localized along the borders of the outcrop and there are no infrastructures,
the site is no risk-free because the described area is quite busy throughout the year. As a matter of
fact, many people visit the outcrop to enjoy the spectacular view on the sea and the statue of Dome-
nico Modugno, one of the greatest exponents of Italian music, who was born at Polignano, located
just a few meters above the platform.

3.6.  Choice of the case study

As pointed out in the previous sections, Lama Monachile is a typical morpho-structure of the Apulian
territory, with thousands of tourists visiting both the beach and the old town of Polignano a Mare,
located respectively at the toe and at the top of the rock slope in which it is carved. Despite no land-
slide events were ever reported by the local news, except for small collapses of anthropogenic struc-
tures (which, however, may have been triggered by rock mass degradation), it is evident that several
failures occurred over time (e.g. Figure 3.9b) and it cannot be excluded that other events will take
place, as rock cliffs naturally retrocede through progressive localized failures. Indeed, some worrying
structural cracks on the buildings in the immediate proximity of the cliff border are well visible from
photographic inspections, so that support structures were set to prevent collapse.

Rock slope geostructural and geomechanical characterization is of paramount importance to identify
potential failures, as well as kinematics and likely volumes of detaching blocks, and to contribute to
the planning of prevention and mitigation measures. Since aim of this PhD is to test and optimize the
use of remote sensing techniques for rock mass characterization and stability assessment, the rock
slope at Polignano a Mare was considered appropriate, also in the perspective to contribute to the
protection of its natural and cultural heritage, as well as of the infrastructures and the people’s safety.
Other factors that played an important role for the choice of this study area are the dense Mediter-
ranean vegetation, the karst caves, different lithologies, weathering of the materials, anthropogenic
structures, high people transit and local regulations, all factors that can disturb/cause difficulties dur-
ing the planning, acquisition, processing and interpretation phases of data collected by means of re-
mote sensing techniques. Moreover, it was chosen to survey the east side of Lama Monachile site
and of the adjacent coast since there more element at risk are located (historically relevant buildings
and a major tourist density) and for the possibility to perform TLS, UAV and IRT surveys more effi-
ciently and with less risk to damage the instruments. With regards to Pietra Piatta site, the rock mass
was considered pertinent to characterize the discontinuities affecting the Calcare di Bari Fm. from
their traces, because they are only partly visible at Lama Monachile site, as the formation is overlain
there by the calcarenite units.
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Chapter4 Comparison of Remote Sensing
techniques for geostructural analysis and cliff
monitoring in coastal areas of high tourist at-
traction: the case study of Polignano a Mare
(southern Italy)

Abstract

Rock slope failures in urban areas may represent a serious hazard for human life, as well as private and public
property, even on the occasion of sporadic episodes. Prevention and mitigation measures indispensably require
a proper rock mass characterization, which is often achieved by means of time-consuming, costly and danger-
ous field surveys. In the last decades, remote sensing devices such as high-resolution digital cameras, laser
scanners and drones have been widely used as supplementary techniques for rock slope analysis and monitor-
ing, especially in poorly accessible areas, or in sites of large extension. Although several methods for rock mass
characterization by means of remote sensing techniques have been reported in specific studies, there are very
few contributions that focused on comparing the different methods in an attempt to establish their advantages
and limitations. With this study, Terrestrial Laser Scanning and terrestrial/UAV Structure from Motion were
performed on a cliff located in a popular tourist attraction site, characterized by complex geological and geo-
morphological settings, as well as by disturbance elements such as vegetation and human activities. For each
point cloud, geostructural analyses by means of semi-automatic methods were applied and then multi-tem-
poral acquisitions were compared for cliff monitoring. By quantitative comparison of the results and validation
by means of conventional geostructural field surveys, the pros and cons of each method were outlined in at-
tempt to depict the conditions and goals the different techniques seem to be more suitable for.

4.1. Introduction

Local to global failures in urbanized steep rock coasts represent a serious threat to the natural land-
scape, infrastructure and human activities. Cliff retreat is the cumulative result of several marine and
subaerial processes acting at different temporal and spatial scales, which were described and simu-
lated by several authors (Rosen 1980; Pilkey and Davis 1987; Trenhaile 1987, 2010; Sunamura 1992,
2015; Walkden and Dickson 2008; Bernatchez and Dubois 2008; Castedo et al. 2012; Martino and
Mazzanti 2014) in an attempt to understand and predict the geomorphologic evolution of rock coasts.
Given the interaction between geo-environmental processes and material properties, hazard assess-
ment and planning of prevention or mitigation measures in coastal areas require a full understanding
of the specific site conditions, with particular emphasis on the mechanical behavior of the rock mass,
as well as the failure volumes, time frequency and modes. All of the above need to be carefully eval-
uated in relationships with the human infrastructures and activities present in the area, as a crucial
step in the definition of the related risk.
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At a preliminary stage, environmental engineering solutions are planned by means of rock mass clas-
sification systems that have been proposed since the 1950s in the international literature (Barton et
al. 1974; Bieniawski 1979, 1989, 1993; Marinos and Hoek 2000). At a more detailed level, geotech-
nical models should be produced: they are 2-D or 3-D simplified and schematic representations of the
geomorphologic, geostructural and hydrogeological setting of the study site, and of the physical and
mechanical properties of the rock materials (Fookes 1997; Miroshnikova 1999; Stavropoulou et al.
2007). Particular attention should be given in conceptualizing primary (i.e., bedding planes) or sec-
ondary (i.e., joints, faults) discontinuities within the models, since they cause anisotropy of rock
masses and influence their mechanical behavior (Goodman 1976; Priest 1993; Bieniawski 1993; Hud-
son and Harrison 2000; Wyllie 2017). Numerical simulations are carried out on the geotechnical mod-
els to predict the location and kinematics of potential instabilities by adopting the appropriate tech-
nique (Barla and Barla 2000; Jing and Hudson 2002; Jing 2003; Lisjak and Grasselli 2014). Based on
these considerations, the success in numerical modelling and in susceptibility assessment depends
on the quality of the geotechnical model, which necessarily requires a proper rock mass characteri-
zation.

However, traditional field surveys are particularly complex and unsafe in near-vertical outcrops, with
the drawback of collecting information only at the few accessible areas, which are not always repre-
sentative of the whole study site. Alternative techniques for rock slope investigations were proposed
in the last decades with the advent of technologies such as high-resolution digital cameras, laser
scanners and drones to overcome the notorious limits of conventional geostructural and geomechan-
ical surveys, highlighted by several authors (Barton et al. 1974; Franklin et al. 1988; Slob et al. 2005).
For instance, Fardin and co-workers and Pollyea and Fairley proposed a method to determine joint
surface roughness from point clouds obtained by means of Terrestrial Laser Scanning (TLS) (Fardin et
al. 2004; Pollyea and Fairley 2011), Teza and co-workers introduced a method to monitor landslides
by detecting displacement from multi-temporal TLS acquisitions (Teza et al. 2007), Viero and co-work-
ers monitored a Deep-Seated Gravitational Slope Deformation by means of TLS methods (Viero et al.
2010) and Mavrouli and co-workers performed rockfall investigation on Digital Elevation Models
(DEM) generated from TLS point clouds, with particular reference to kinematically unstable surfaces
and block size distribution (Mavrouli et al. 2015). In other cases, TLS and Structure-from-Motion (SfM)
methods were applied, respectively, for cliff retreat (Rosser et al. 2005) and erosion monitoring
(James and Robson 2012). The principles of these technologies, as well as their main advantages,
limitations and applications to rock slopes, are illustrated in several articles (Slob and Hack 2004;
Westoby et al. 2012; Tofani et al. 2013; Abellan et al. 2014; Abellan et al. 2016).

Nowadays, TLS, terrestrial SfM and Unmanned Aerial Vehicle (UAV) SfM techniques are widely used
to detect, characterize, model and monitor processes in rock slopes. A very popular issue in the ap-
plication of remote sensing techniques for rock slope investigations concerns the quantitative char-
acterization of discontinuities from point clouds. As described by Slob and co-workers, discontinuities
can be extracted from point clouds by means of semi-automatic or fully automated approaches (Slob
et al. 2007). The first method makes it possible to calculate the orientation (i.e., dip direction/dip) of
discontinuities by calculating the best-fit plane on a geological feature manually marked by the oper-
ator in the 3-D point cloud. The automatic method requires less interaction and is based on direct
segmentation or surface reconstruction. With the direct segmentation method, all the points of the
raw dataset distributed along planar surfaces are selected and classified into discontinuities, each
one constituted by a mathematical expression. Afterwards, the poles of the main discontinuity sets
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are identified on stereo plots. The surface reconstruction methods require an initial 3-D reconstruc-
tion of the point cloud; for example, by means of Triangular Irregular Networks (TINs). All the facets’
orientations are plotted on stereonets, allowing the automatic identification of the discontinuity sets.
Several authors proposed different algorithms and software solutions for the automatic extraction of
fractures from raw or processed point clouds, with all of them being based on the principles outlined
above. For instance, some examples of direct segmentation techniques were presented by means of
the RANSAC iterative method (Jaboyedoff et al. 2007; Olariu et al. 2008; Gigli and Casagli 2011; Gar-
cia-Sellés et al. 2011; Riquelme et al. 2014; Buyer and Schubert 2016; Palma et al. 2017). On the other
hand, triangulation techniques were introduced by many researchers (among which Slob et al. 2005;
Lato and Voge 2012; Voge et al. 2013; Li et al. 2016). Recently, the semi-automatic or automatic tech-
niques for the extraction of discontinuities in point clouds were optimized with the aim of conducting
rock mass classification (Riquelme et al. 2016) or identifying additional properties such as discontinu-
ity spacing, persistence, trace length, frequency, intensity, block size and shape (Gigli and Casagli
2011; Sturzenegger et al. 2011; Oppikofer et al. 2011; Riquelme et al. 2015, 2018; Buyer and Schubert
2017, 2018; Kong et al. 2020, 2021). A detailed review of the methods for structural analyses from
point clouds was presented by Battulwar and co-workers (Battulwar et al. 2021).

The potential of remote sensing techniques for rock slope characterization is widely recognized and
includes the ability to acquire data of large areas in reasonably short time periods and under safe
conditions, as well as the creation of permanent databases (Feng and Réshoff 2004; Haneberg and
Findley 2006; Jaboyedoff et al. 2008; Sturzenegger and Stead 2009).

Despite remote sensing techniques represent a powerful solution when dealing with rock mass char-
acterization, they are subjected to some serious limitations that do non allow a full understanding of
the target object, if used individually. As a matter of fact, shadow areas, low spatial resolution, un-
correct georeferencing or significant noise in the point clouds can cause the undersampling of the
discontinuities and the incorrect estimation of some attributes (e.g. orientation, density, spacing,
roughness of the discontinuity sets, and block volume). In addition, geostructural analyses require
information on the physical properties of the intact rock and of the discontinuities (i.e. aperture,
seepage, wall strength, and filling), which can be collected only through direct access to the rock
mass. For these reasons, it is strongly recommended to carefully plan the remote sensing surveys and
to always integrate them with on-site geostructural and geomechanical surveys (Ferrero et al. 2009;
Oppikofer et al. 2012; Gigli et al. 2014; Pagano et al. 2020).

With regard to carbonate systems, in addition to presence of discontinuities and other deformations
in the rock mass, they are particularly prone to dissolution, weathering and karstification processes
(Steidtmann 1911; Ford and Williams 2013; Andriani et al. 2015; Palmer 2017). In this case, the inter-
pretation of data from remote sensing techniques might be challenging because of the presence of
irregular geometries, especially when dealing with karst or paleo-karst landforms (i.e., weathered
materials, karst conduits and cavities), which can affect the accuracy of the automatic methods for
rock mass characterization. Due to karst areas being particularly complex and heterogeneous (Wal-
tham 2002; Parise et al. 2015a), specific multidisciplinary on-site investigations are recommended to
avoid erroneous geotechnical modelling, estimation of failure susceptibility and planning of interven-
tion strategies (Milanovic 2002; Andriani and Parise 2015, 2017; Andriani et al. 2015), especially in
places of high tourist attraction, characterized by higher geological risk due to the presence of people
and infrastructure.
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Remote sensing techniques in steep carbonate coastal areas are powerful tools to overcome the lim-
its of conventional techniques. However, some practical questions may arise:

1) What is the best technique in terms of costs and benefits for structural analyses and
monitoring?

2) Does the type of technology used affect the results of the geostructural characterization
and surface-change detection from point clouds?

In the current literature, few contributions have been presented to answer these questions. For in-
stance, Rosser and co-workers, by direct comparison with TLS data, pointed out that the SfM tech-
nique can provide results of acceptable accuracy (although not as high as from TLS) in 20% of the time
used to collect TLS data (Rosser et al. 2005; 2012). Moreover, Sturzenegger and Stead (2009) com-
pared the stereonets obtained by means of field scanline, TLS and terrestrial SfM techniques on rock
cuts of different lithologies, while Pagano and co-workers compared the results of TLS and UAV sur-
veys in carbonate environments to illustrate their main advantages and drawbacks (Pagano et al.
2020). However, it appears that a quantitative and complete comparative analysis of the different
remote sensing techniques commonly used for rock mass investigations in coastal areas has not yet
been reported.

With this study, point clouds were acquired on a carbonate cliff of high tourist attraction using TLS,
terrestrial SfM and UAV-based SfM techniques to quantitatively estimate their quality and assess
their applicability for rock mass characterization and monitoring by means of semi-automatic tech-
niques.

Because of the presence of disturbance elements such as shrubs and human activities, two segmen-
tation software applications (Coltop3D (Terranum 2020) and DSE-Discontinuity Set Extractor (2020))
were preferred to triangulation methods to avoid incorrect connection between the points and in-
correct surface triangulation (Ferrero et al. 2009). Moreover, the pros and cons of each technique, as
well as the chosen platform for SfM (hand-held camera vs UAV system) are presented in attempt to
depict the conditions and goals the different techniques are more suitable for.

4.2. Case Study

The study area is a 20 m high rock cliff facing the Adriatic Sea located at Lama Monachile site, in the
municipality of Polignano a Mare (southern Italy), in the Apulia region. The site belongs to the eastern
part of the Murge area, which is a structural relief of the Apulian carbonate platform formed in Ter-
tiary and overlain by Quaternary deposits (Parise 2011) (Figure 4.1). The Apulia region represents the
foreland of the Apenninic Chain and has been subjected to tectonic uplift since the middle Pleistocene
(Ciaranfi et al. 1988; Doglioni et al. 1994). A series of stepped scarps dipping to NE developed up to
the current configuration as a result of the interactions between the tectonic uplift and the absolute
sea-level changes (Bruno et al. 1995; Mastronuzzi and Sanso 2002; Parise 2006). The marine terraces
are crossed by a karst network of slightly incised valleys, locally named lame (Parise et al. 2003), to
which the study site belongs, terminating towards the Adriatic Sea and often difficult to recognize
because the waters flow only during exceptional rainfall events, causing flash floods that are typical
of karst landscapes (Parise 2003; Parise et al. 2015b; Martinotti et al. 2017). The site is made up of
whitish to greyish limestones belonging to the Calcare di Bari Formation, unconformably overlain by
transgressive calcarenites belonging to the Calcarenite di Gravina Formation. A pocket beach
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constituted by loose materials derived mainly from the coastal erosion is located at the base of the
cliff in correspondence of the inlet. The rock mass is characterized by sub-vertical joints and thin-to-
medium bedded layers whose intersections determine the formation of potential unstable blocks
with variable volumes. In addition, notches and karst caves, formed due to wave erosion and disso-
lution at the interface between fresh groundwater and sea water (Rudnicki 1973; Sauro 1991), are
well visible along the coastline (Andriani and Pellegrini 2014). Mechanical, chemical and biological
processes

contribute to degradation of the rock mass and influence predisposing instability processes such as
toppling, rockfalls, wedge slides and cave failures. Moreover, anthropogenic activities such as artifi-
cial cavities in the calcarenites, and terraces and buildings partially carved in the rock mass perturbate
the stability conditions of the site, as is also the case for many other towns of Apulia (Lollino et al.
2013). All these factors represent a serious hazard for the population and infrastructure. Both the old
town of Polignano a Mare at the top of the cliff and the beach located at Lama Monachile attract
many locals and tourists, especially during summer, given the exceptional beauty of the area and the
large number of cultural events and sports competitions.

For these reasons, a contribute to the assessment of the stability conditions at the site by means of
rock mass characterization and monitoring was given in this research. Furthermore, the complex ge-
ological and geomorphological setting was exploited to test different technologies in order to answer
to the above questions about the applicability of remote sensing techniques in coastal areas. Differ-
ent factors, such as scarce accessibility and GPS signal, karst caves, weathered rock materials, Medi-
terranean vegetation, local regulations and dynamic disturbances (i.e., sea waves and human activi-
ties) were of paramount importance to validate the advantages and limitations of remote sensing
techniques in complex environments.

Figure 4.1: Geographic location of the study area (base map retrieved from Google Satellite). The compared
area (Figure 4.2) is highlighted in red.
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Figure 4.2: Final point clouds acquired by means of remote sensing techniques: (a) Terrestrial Laser Scanning
point cloud (24,196,954 points and 6852 points/m? density); (b) Terrestrial SfM point cloud (6,701,071 points
and 1507 points/m? density); (c) UAV-SfM point cloud (21,849,920 points and 5244 points/m? density).

4.3. Materials and Methods

4.3.1. Remote Sensing Acquisition and Processing

4.3.1.1. TerrestrialTerrestrial Laser Scanning

The Terrestrial Laser Scanning point cloud was acquired on 12 December 2019, by means of a Riegl
VZ 400 laser scanner, from one scan position located on the opposite side of the cliff (Figure 4.1), at
a 35 m distance. According to the manufacturer’s specifications, the laser scanner has a 5 mm accu-
racy at a range up to 600 m, a measurement rate up to 120,000 points per second and a 360° hori-
zontal field of view (Riegl 2017). The coordinates of 4 targets placed in different locations of the study
site (4 tripods were set on the beach located at the foot of the cliff) were acquired using a Stonex Sll|
Differential Global Positioning System for accurate georeferentiation of the point cloud. The dataset
was imported in CloudCompare software (version 2.12. alpha 2021) and converted from a local to a
global WGS84/UTM 33 N metric coordinate system. Successively, points generated by sea reflections
and part of the buildings located on the top of the cliff were removed using the segmentation tool.
The point cloud was sub-sampled with a 1 cm minimum distance between points to better manage
the raw dataset (about 68 million points) on a standard laptop. The resulting point cloud was consti-
tuted by more than 24 million points, about 6800 points/m? density and 1.2 cm mean point spacing
(Figure 4.2a, Table 4.4).
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4.3.1.2. Structure-from-Motion

Terrestrial SfM Image Acquisition

Terrestrial SfM was applied on 26 October 2019, using a common digital camera with 4000 x 3000
pixels resolution and 35 mm focal length. The technical specifications of the used camera and the
location of the views are reported in Table 4.1 and Figure 4.3, respectively. One hundred and nine
digital photographs with a 1.41 pix/cm mean ground resolution were captured from different points
of view from the opposite side and the base of the cliff, following detailed recommendations (Agisoft
2020). Since the site accessibility was limited, the photos were taken following the trajectory shown
in Figures 4.1 and 4.3, with camera—target distances in the range of 20-100 m. It is outlined that this
type of survey was carried out to test the efficacy of low-cost tools, which are easily available on the
market, to perform rock slope geostructural analyses and monitoring.

Table 4.1: Details of the terrestrial (left) and UAV (right) SfM technique, on-board camera and photogrammetric

surveys.
TERRESTRIAL PLATFORM UAV PLATFORM
Camera model UAV device DJI Inspire 2
Body type Compact Maximum take-off weight (g) 4250 g
Max resolution 4000 x 3000 Maximum flight time (min) 27
Effective pixels 12 megapixels Gimbal stabilization 3-axis (pitch, roll, yaw)
Sensor size 1/2.3" (6.17 x 4.55 mm) ON-BOARD CAMERA PARAMETERS AND SETTING
Sensor type BSI-CMOS Camera model Zenmuse X5S
IS0 Auto, ISO 100-12800 Supported lens DI MFT 15 mm 1.7
ASPH
: CMOS, 4/3"
Focal length (equiv.) 25-100 mm Sensor Effective/Piers: 20.8 MP
Max aperture F2-4.9 FOV 72°
Max shutter speed 1/2000 sec Photo resolution (pix) 5280 x 3956
SURVEY DETAILS SURVEY DETAILS
Acquisition mode manual Flight mode manual
Ground Sampling distance Ground Sampling distance
(e Al 1.41 (em/pix) A 0.41
Coverage area (m?) 4850 Coverage area (m?) 5460
:::)ntal distance from the cliff 18 Frontal distance from the cliff (m) 18
Number of photos 109 Number of photos 130
Number of tie-points 311,111 Front overlap (%) 75
Number of projections 1,017,611 Side overlap (%) 85
Reprojection error (pix) 0.599 Frame shooting interval (s) 15
GCPs XY error (m) 0.022 Number of tie-points 311,321
GCPs Z error (m) 0.005 Number of projections 2,290,325
Total GCPs error (m) 0.028 Reprojection error (pix) 0.541
GCPs XY error (m) 0.097
GCPs Z error (m) 0.001
Total GCPs error (m) 0.010

Unmanned Aerial Vehicle (UAV) Image Acquisition

The Unmanned Aerial Vehicle surveys required preliminary planning of the flight mission to achieve
optimal coverage of the area, in terms of the function of the morphology of the site, weather condi-
tions and exposition to the sunlight. A manual flight mission with side and frontal overlap,
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respectively, of 75% and 85% was set for the survey campaign, which was carried out on December
12, 2019. One hundred and thirty frontal photos were acquired using a quadcopter platform DIJI In-
spire 2, equipped with a 20.8 Megapixel resolution camera, an integrated Global Navigation Satellite
System (GNSS) and a remote flight controller, at horizontal distance of 18 m from the cliff (Figure 4.1).
Further details of the UAV system and surveys are reported in Table 4.1 and Figure 4.3.

A a || <N b .

Figure 4.3: camera location and image overlap of the surveys carried out by means of compact digital camera
(left) and UAV systems (right).

Processing

The images collected by means of terrestrial SfM and the UAV SfM were processed by means of the
Structure-from-Motion (SfM) technique following the workflow of Agisoft Metashape Professional
software (Agisoft 2020):

a) Image inspection, importation, and conversion of the coordinates into the WGS84/33 N met-
ric coordinate system.

b) Insertion of Ground Control Points (GCP): points whose coordinates were taken from the TLS
point cloud on well-recognizable surfaces were added to the photos as constraints to roughly
georeference the SfM model. Due to the low resolution, only 3 GCPs were identified on well-
recognizable elements (i.e., building structures) of the terrestrial SfM point cloud, whilst 5
GCPs, evenly distributed in the 3-D scene, were detected on the higher-resolution UAV point
cloud. The GCP projection errors of the terrestrial and UAV SfM point clouds are, respectively,
summarized in Tables 4.2 and 4.3. For each GCP, the horizontal (E,, E,) and vertical (E;) repro-
jection errors correspond to the Root Mean Square Error (RMSE) calculated over all the pho-

tos where it was visible. The total error for each GCP is given by: RMSE = ’E,% +E;+EZ.

In addition, some reference points (check points) of known coordinates, which were not used
for the alignment process, were checked to assess the accuracy of the absolute registration
of the 3-D scene. The total error of the check points are 0.73 cm and 4.2 cm for the UAV and
terrestrial point clouds, respectively. It is remarked that a finer registration was carried out
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in a second phase to detect surface changes among consecutive point clouds (see section

4.4.4).

c) High-accuracy camera alignment by means of sparse bundle adjustment algorithm (Snavely
et al. 2008).
d) High-quality depth maps calculation and generation of the dense point clouds.

e) Refinement of the dense point cloud by means of subsampling (minimum distance between

points of 1 cm for the UAV point cloud) and direct segmentation.

The final point cloud of the terrestrial SfM consisted of more than 6 million points, with 1507
points/m? density and 2.5 cm mean point spacing (Figure 4.2b, Table 4.4), whilst the point cloud gen-

erated by means of UAV SfM was formed by about 22 million points, with a density of 5244 points/m
and a mean point distance of 1.3 cm (Figure 4.2c, Table 4.4).

2

Table 4.2. Root Mean Square Errors (RMSE) of the Ground Control Points used to georeference the point cloud
generated by means of terrestrial SfM. The total error in the last row represents the population’s standard

deviation.

GCPID

GCPa
GCPb
GCPc

Number of
Images
X
49 -0.41
55 0.27
48 0.14
Total 0.29

Horizontal Errors (cm)

Y
1.26
-3.09
1.84
2.20

Vertical Errors (cm) Total
Error

Z cm pix

-0.17 1.33 2.45

0.69 3.18 1.15

-0.52 1.91 0.94

0.51 2.28 1.64

Table 4.3. Root Mean Square Errors (RMSE) of the Ground Control Points used to georeference the UAV point

cloud.

GCPID

GCP1
GCP2
GCP3
GCP4
GCP5

Number of Horizontal Errors (cm)
Images
X Y
18 0.76 -0.96
29 0.00 0.63
57 0.04 0.10
29 -0.44 0.63
49 -0.35 0.70
Total 0.42 0.80

Vertical Errors (cm) Total
Error

Z cm pix

0.15 0.12 1.27

0.04 0.63 0.68

0.03 0.11 0.40

0.15 0.79 0.24

-0.51 0.94 0.23

0.29 0.95 0.56

Table 4.4. Summary of the point clouds generated by means of terrestrial SfM, TLS and UAV SfM techniques.

Acquisition
Method

Terrestrial
SIM
TLS

UAV SftM

Num- Num-

ber of ber of Tar-

Scans Aligned gets/GCPs
Photos
/ 109/109 3 1.41
cm/pix
1 / 5 /
/ 125/125 5 0.95
cm/pix

Number of Image Total Repro- Number
Pixel jection Error of Points Density age
Size of the GCPs

2.28 cm

/

0.95cm

Number
of Points

Surface Aver-

in the ofthe Point after Sub-
Point Point Spacing Sampling
Cloud Cloud and Clean-
ing
20,457,182 1507 25cm 6,701,071
points/m?
62,861,985 6852  1.2cm 24,196,954
points/m?
52,363,336 5244 1.3cm 21,849,920
points/m?2
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4.3.2. Quality Assessment of the Point Clouds

Buildings located at the top of the cliff were used to estimate the quality of the point clouds generated
with different techniques. Six planes (3 m? rectangles) were fit in the form of meshes on each point
cloud on low-roughness facades of the buildings, evenly distributed in the study area (Figure 4.4).
Then, each point cloud was segmented to obtain six sub-point clouds in correspondence of the planar
surfaces. The CloudCompare Cloud-to-Mesh (CtM) algorithm was run to calculate the distances be-
tween each sub-point cloud (compared entity) and the corresponding plane (reference entity), and
to determine the type of distribution, as well as the mean and standard deviation values. High values
of the standard deviation for the normal distribution of the cloud-mesh distances would imply a par-
ticular roughness of the point cloud in a clearly flat zone, related to noise, and therefore, would indi-
cate scarce quality.

Figure 4.4: Segmentation of 6 rectangles (numbers 1-6) on the facades (photos above) of the buildings for esti-
mating the quality of the three point clouds obtained by means of TLS, terrestrial and UAV SfM.

4.3.3. Comparison of Point Clouds

With the aim of ascertaining the reliability among the different point clouds, and of testing their com-
bined use for a variety of purposes, the acquired point clouds were compared at couples by means
of the Cloud-to-Cloud (CtC) distance computation tool available in CloudCompare. To avoid differ-
ences caused by different extents of the surveyed area for each acquisition technique, the three orig-
inal point clouds were segmented together. The TLS and terrestrial SfM point clouds were compared,
selecting the first as the reference entity and the second as the compared entity. Since the two sur-
veys were not performed on the same day, part of the vegetation was removed by direct segmenta-
tion to avoid high values of the scalar field caused by vegetation changes. Further, for the comparison
between the TLS and UAV point clouds, that from the laser scanner was kept as a reference. As re-
gards the terrestrial and UAV SfM distance computation, the latter was used as a reference. The de-
fault values of the algorithm (i.e., octree level, multi-thread and neighboring points) were used for all
the calculations. Visual inspection of the generated scalar field, represented by an appropriate color
scale, allowed the identification of zones characterized by higher difference values. More precise de-
tails were obtained by overlapping the high values of the scalar field, filtered from the dataset, on
the TLS point cloud colored by a grey color scale. In addition, the type of distribution, mean distance
and standard deviation of the CtC difference were determined.
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4.3.4. Extraction of Discontinuities from Point Clouds

The structural analysis was performed independently on each point cloud using Coltop3D software
(Jaboyedoff et al. 2007; Terranum 2020). Since the study site is characterized by flat surfaces (ter-
races) and sub-vertical steps, few planar surfaces could be detected on the point cloud due to their
scarce exposition. Thus, a smaller area of the point clouds, where joint sets could be detected as
planes (instead of traces), was segmented. The bedding surfaces were not analyzed in this study be-
cause the sampled area is not suitable for an appropriate detection, as many surfaces are present in
the form of traces along the sub-vertical steps. As regards the 2-D geostructural analyses of disconti-
nuity traces, which is out of the scope of this research, a specifical methodology was recently pro-
posed by Loiotine and co-workers (Loiotine et al. 2021b — see Chapter 6). For each point cloud, after
importing the coordinates file, the software automatically computed the point normals and produced
a point cloud represented by a Hue Saturation Intensity color scale (HSI) through which the dip direc-
tion and the dip of the normals (poles) were represented, respectively, by the hue and saturation
values. This graphical representation helps the user to identify the mean discontinuity sets in a point
cloud according to their color and saturation. After manually selecting a few polygons that were rep-
resentative of the main discontinuity sets, Coltop3D automatically detected the parallel surfaces, with
a certain tolerance (in this case, a value of 30° was considered to be appropriate for the study site).
The coordinates and dip direction/dip of the points belonging to each discontinuity set were imported
in CloudCompare and the respective point clouds were overlapped on the original point cloud (with
RGB colors) to validate the results by visual inspection. Dip direction/dip data were then represented
on lower-hemisphere Schmidt equal-angle stereographic projections to identify the mean orienta-
tion, dispersion and weight of the discontinuity sets.

In a second step, a similar process was carried out using the DSE software (Riquelme et al. 2014, 2015,
2018). After the estimation of the normal vectors with 30 nearest neighbors and a 20% tolerance for
the coplanarity test, a density-based analysis (number of bins = 64, minimum angle between principal
poles = 10°) identified clusters of points with similar orientations, which therefore belonged to the
same discontinuity set. Based on previous on-site geostructural characterization and literature data
in nearby areas (Andriani and Walsh 2007), a maximum number of 4 discontinuity sets was set as a
threshold. Successively, the mean orientation of each set was calculated and the points were assigned
to the respective discontinuity set according to their orientation (setting a 30° maximum angle be-
tween the normal vector of a point and of the discontinuity set). Percentages of 20.08%, 13.97% and
20.76% of the points, respectively, remained unclassified for the TLS, terrestrial SfM and UAV SfM
point clouds. The final cluster analysis determined individual discontinuities belonging to each dis-
continuity set by detecting clusters of points using the DBSCAN algorithm (Ester et al. 1996). There-
fore, every point belonging to one discontinuity set was assigned to the corresponding cluster. In
addition, the persistence and mean spacing for persistent and non-persistent discontinuities were
calculated for each discontinuity set using the DSE integrated module.

Specific on-site geostructural and geomechanical surveys were carried ot at Lama Monachile site by
means of scanlines to validate and compare the results of the semi-automatic extraction from point
clouds.
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4.3.5. Rockfall Detection by Means of Multi-Temporal Acquisitions

The accuracy of the TLS and UAV techniques in terms of the detection of potential rockfalls was tested
by means of multi-temporal acquisitions with both methods. Two successive surveys were performed
using a laser scanner and a drone, in July 2020 and December 2020, respectively. The same operations
described in Sections 4.3.1.1. and 4.3.1.3. were carried out during the processing phase. Rockfall de-
tection from the two types of datasets was performed according to the method developed by Guerin
and co-workers (Guerin et al. 2017, 2020). The second point cloud from the TLS survey was roughly
aligned on the former by homologous-point pair picking on well-recognizable entities (i.e., anthropo-
genic elements). The point clouds were segmented together in order to have two datasets of the
same area, thus avoiding differences related to missing or additional zones during the comparison.
Successively, a fine registration was applied by means of the Iterative Closest Point (ICP) algorithm
(Besl and McKay 1992). In detail, the original point clouds were split into 6 couples of subsets, and
each subset of the second TLS acquisition was finely registered on the corresponding point cloud of
the first TLS subset (used as a reference). This operation was iteratively carried out until the roto-
translational matrix used to align the compared point cloud on that of the reference became an iden-
tity matrix, meaning that the computational limit was reached. The described method made it possi-
ble to minimize the Root Mean Square Error of the fine registration (RMSE = 41 mm). Moreover, the
TLS point cloud of December 2019 was transformed into a reference triangular mesh using the Pois-
son Surface Reconstruction plugin (Kazhdan and Hoppe 2013). The comparison between the regis-
tered and the reference point clouds was carried out using the Cloud-to-Mesh (CtM) distance com-
putation algorithm, which calculates the shortest distance of each point of the cloud from the nearest
triangle of the mesh (Guerin et al. 2017, 2020). The calculated scalar value was represented by means
of a color scale showing negative surface changes (loss of material) and positive surface changes (gain
of material) in blue and red, respectively (Figure 4.5a).

The same process was used to compare the December 2019 and December 2020 UAV point clouds.
To avoid misalighments of the second point cloud, due to insufficient GCPs and “doming defor-
mations” generated from the SfM technique (Rosnell and Honkavaara 2012; Javernick et al. 2014;
James and Robson 2014; Ruggles et al. 2016), the point clouds were segmented in more parts and
each subset was registered by means of the ICP algorithm, setting the scaling option. This procedure
independently aligns each sub-point cloud on the reference one, and “undeforms” the point cloud. A
total RMSE of 79 mm was achieved during this step. The CtM algorithm was run using the mesh of
the 2019 point cloud as a reference (Figure 4.5b).

For both datasets, positive and negative surface changes were compared with digital photographs
acquired during the surveys to verify that they were caused by failures of the rock mass and not by
vegetation changes or anthropogenic activities. Aiming at detecting source areas of probable rock-
falls, greater attention was given to the negative values. The volume of material not detected during
the successive acquisition was estimated by merging the reference and compared point clouds, thus
isolating the missing rock blocks. At last, the volume was calculated on the mesh obtained by means
of the Poisson Surface Reconstruction plugin.

80



Comparison of Remote Sensing techniques for geostructural analysis and cliff monitoring in coastal areas of
high tourist attraction: the case study of Polignano a Mare (southern Italy)

C2M signed distances
[m] 0.89

0.69

0.49

Scalar field
1.02

0.794

0.56

Figure 4.5: Positive and negative surface changes calculated by means of the Cloud-to-Mesh algorithm in con-
secutive point clouds acquired by different remote sensing techniques. Positive and negative surface changes
are colored in red and blue, respectively. (a) Differences (in meters) between the December 2019 and July 2020
TLS point clouds; (b) differences between the December 2019 and December 2020 UAV point clouds.

4.4. Results and Discussion

4.4.1. Quality Assessment of the Point Clouds

The scalar values obtained in the distance computation between the sub-sets of the point clouds and
the planes fitted on the facades of buildings showed a Gaussian distribution, with peaks on the mean
distance (Figure 4.6). As concerns the terrestrial SfM technique, the CtM scalar value in correspond-
ence of plane 3 had a bi-modal distribution, suggesting that the points aligned along two surfaces
rather than one. In addition, the measured dip/direction and dip of the six sub-sets of terrestrial SfM,
TLS, and UAV point clouds along the planes differed by up to one degree (Table 4.5), implicating that
orientation measurements for geometrically simple surfaces (i.e., building facades or walls) are not
influenced by the acquisition technique. Although the mean distances of the different types of point
clouds along all planes were near to zero, the most significative parameter in terms of usefulness in
guantitatively estimating the quality of the datasets was the standard deviation, which indicated the
point clouds’ dispersion on flat surfaces. Despite similar accuracies of the three techniques being
detected for plane 1 and 4, some differences were found for the other datasets. In detail, for each
plane except no. 1, the smallest value of the standard deviation of the CtM distances was related to
the laser scanning acquisition technique. Slightly higher values, but in the same order of magnitude
(mm), were attributable to the UAV-supported SfM technique, while terrestrial SfM showed values
of up to 4 cm (plane 3). Based on the outcomes of the analysis, it can be deduced that the best quality
was provided by the TLS and UAV-based SfM techniques, followed by the terrestrial SfM, which might
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be inappropriate when dealing with complex natural surfaces, especially for in-depth geostructural
analyses. However, it must be remarked that the lower accuracy of the Structure from Motion tech-
nique is linked to the platform used during the surveys. As a matter of fact, the terrestrial SfM, which
provided the less accurate results, was performed using a common-low cost digital camera and, be-
cause of the complex topography, the photos were taken from different distances. Indeed, the use
of professional tools and longer lenses could have provided higher resolution photos and denser point
clouds, leading to results comparable to those returned by the TLS and the UAV Structure from Mo-
tion
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Figure 4.6: Cloud-to-Mesh distance computation on the 6 planar surfaces for the estimation of the point cloud
quality obtained from TLS, terrestrial and UAV SfM. p and o represent the mean and standard deviation of the
distribution of the distances, respectively. High resolution Figures are reported in the Supplementary Materials
(Figures S4.6 a—f).

Table 4.5. Measured dip direction/dip, mean and standard deviation of the calculated Cloud-to-Mesh distances
on the 6 planar surfaces for the estimation of the quality of the point clouds. The mean distances of the subsets
of the point clouds from the planar surfaces close to 0 show a good quality for the three datasets. However,
higher values of the standard deviation of the cloud from terrestrial SfM indicate major irregularity and noise
with respect to the other datasets.

PLANE 1
Type of Point Cloud Measured Mean CtM distance (m) Mean st. dev. (m)
dip direction/dip
Terrestrial StM 291/87 0.000 0.007
Terrestrial Laser Scanning 291/86 0.000 0.010
Unmanned Aerial Vehicle 291/86 0.000 0.009
SIM
PLANE 2
Type of Point Cloud Measured Mean CtM distance (m) Mean st. dev. (m)
dip direction/dip
Terrestrial StM 78/89 0.000 0.016
Terrestrial Laser Scanning 78/88 0.000 0.009
Unmanned Aerial Vehicle 78/88 0.000 0.015
SfM
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PLANE 3
Type of Point Cloud Measured Mean CtM distance (m) Mean st. dev. (m)
dip direction/dip
Terrestrial StM 99/88 0.000 0.039
Terrestrial Laser Scanning 98/88 0.000 0.005
Unmanned Aerial Vehicle 97/87 0.000 0.011
SfM
PLANE 4
Type of Point Cloud Measured Mean CtM distance (m) Mean st. dev. (m)
dip direction/dip
Terrestrial SEM 283/86 0.000 0.009
Terrestrial Laser Scanning 283/86 0.000 0.006
Unmanned Aerial Vehicle 284/86 0.000 0.009
SIM
PLANE 5
Type of Point Cloud Measured Mean CtM distance (m) Mean st. dev. (m)
dip direction/dip
Terrestrial SIM 104/89 -0.000 0.012
Terrestrial Laser Scanning 104/88 -0.000 0.006
Unmanned Aerial Vehicle 104/87 -0.000 0.009
SfIM
PLANE 6
Type of Point Cloud Measured Mean CtM distance (m) Mean st. dev. (m)
dip direction/dip
Terrestrial StM 307/84 -0.000 0.020
Terrestrial Laser Scanning 307/84 -0.000 0.002
Unmanned Aerial Vehicle 306/84 0.000 0.010

StM

4.4.2. Comparison of Point Clouds

As regards the comparison between the TLS and the terrestrial SfM point clouds by means of Cloud-
to-Cloud distance computation, high values (up to 186 cm) of the scalar field were detected in the
southern part of the model (Figure 4.7). This anomaly was caused by a bad alignment of the compared
point clouds, probably caused by a deformation (doming effect) of the terrestrial SfM point cloud
(Rosnell and Honkavaara 2012; Javernick et al. 2014; James and Robson 2014; Ruggles et al. 2016)
resulting from images taken from near-parallel directions and from non-optimal survey design (i.e.
heterogeneous picture overlay, variable camera-object distances, different focal lengths), in turn re-
lated to difficult logistics. Indeed, if the site conditions had been less restrictive, a better survey design
or, alternatively, a network of GCPs would have made it possible to give more constraints during the
alignment phase and to solve the doming effect.

To fix this issue, the ICP algorithm was used to separately align couples of sub-point clouds to optimize
the comparison. The mean absolute distance and standard deviation between compared and refer-
ence point clouds were 7 and 11 cm, respectively. Ninety percent of the difference values were
smaller than 16 cm. Figure 4.8 shows the results of the CtC distance computation after the fine reg-
istration process, with values higher than 10 cm colored in red. Although some misalignment issues
were solved, a small portion of the point cloud at the southern sector remained problematic. The red
zones that were evenly distributed in the model were related to vegetation changes, human artifacts
caused by people moving on the cliff for works during the TLS acquisition, and to TLS occlusions. In
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fact, the remaining 10% of the distances (with values in the range of 16—-186 cm) were detected on
elements that were not surveyed from the laser scanner, due to the scan position, located in the
areas exposed to NNW and on horizontal surfaces at higher altitudes with respect to the laser scan-
ner.

Although the UAV point cloud misalighments were not consistent, the fine registration was applied
to detect the differences related only to the acquisition techniques. The mean and standard deviation
values of the CtC differences between the TLS and UAV point clouds were 7 cm and 15 cm, respec-
tively. Since the surveys were carried out at the same time, human activities did not interfere signifi-
cantly in the differences. For the same reason, vegetation changes were not detected, except for
some elements that moved with the wind. Ninety percent of the difference was below 16 cm, while
the remaining 10% was up to 186 cm. As shown in Figure 4.9, the highest values of the differences
were detected in areas that were not surveyed by the laser scanner, such as windows and balconies
whose surfaces were acquired by the drone flying at higher altitudes with respect to the laser scanner
position. Moreover, not all the sub-horizontal surfaces were acquired from the laser scanner, and in
some sectors, the high incidence angle caused reflections on the windows located on the buildings in
front of the scanner.

To isolate the differences between the point clouds from the reported factors, and to detect only
surface changes that occurred due to the reconstruction technique, some cross sections were traced
perpendicularly to the previously fitted planes, and the CtC algorithm was run successively. For in-
stance, Figure 4.10 illustrates a section drawn perpendicularly to plane 6: the mean distance and
standard deviations were 2.4 cm and 2.8 cm, while the highest value was 28 cm. Ninety percent of
the data were below 5 cm, and higher values were recognized on indented surfaces not acquired by
the laser scanner and on the vegetation whose surface was smoothed during the generation of the
point cloud by means of the SfM technique.

C2C absolute distances
[m] 1.00

0.89

0.78

0.66

0.55

Figure 4.7: Comparison between the point clouds from terrestrial SfM (compared) and TLS (reference): Cloud-
to-Cloud distance computation in CloudCompare. The greater distances are located in the right part, corre-
sponding to a non-optimal alignment of the compared point cloud due to dome-shaped bias.
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Figure 4.8: Cloud-to-Cloud distance computation between the point clouds from terrestrial SfM and TLS (refer-
ence) after the fine registration of the first point cloud by means of the Iterative Closest Point (ICP) algorithm.
A small part (on the right) of the point cloud obtained by means of terrestrial SfM was not optimally aligned.
Differences higher than 20 cm, corresponding to occlusions, vegetation and human artifacts, are colored in red.

Figure 4.9: Cloud-to-Cloud distance computation between the point clouds from UAV SfM and TLS (reference).
The differences higher than 10 cm (red points) were related to occlusions of the TLS technique. The details
along the cross section (black segments) are illustrated in Figure 4.10.

TLS point cloud - reference a
UAV point cloud - compared C2C absolute distances
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Figure 4.10: (a) Cross sections (see Figure 4.9) of the TLS (reference, in red) and UAV (compared, in blue) point
clouds along plane 4. (b) A mean distance of 2.4 cm and a standard deviation of 2.8 cm between the two point

clouds were detected.
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4.4.3. Extraction of Discontinuities from Point Clouds

In agreement with on-site investigations, two joint sets were detected on the terrestrial SfM, the TLS
and the UAV-SfM point clouds using Coltop3D. The best-fit great circles and poles of JS1 and JS2 were
reported on equal-angle stereographic projections to determine their mean orientation (Figure 4.11).
Table 4.6 reports the mean strike, dip, dispersion (Fisher’s K parameter) and weight of JS1 and JS2
extracted from the different point clouds, as well as the data collected during conventional geostruc-
tural and geomechanical field surveys. With regard to point clouds, the dip direction and dip of the
two main joints sets were very similar, with a maximum difference of 4° for the JS2 dip direction
measured on the TLS and the terrestrial SfM point cloud. The Fisher’s k parameter was similar for the
three datasets, but slightly higher values were obtained from the terrestrial SfM. This indicates a
minor dispersion of the pole orientation, which might be related to the lower accuracy and density
of the point cloud. Similar weight percentages for JS1 and JS2 were detected from the TLS point cloud
(49% for JS1 and 51% for JS2, respectively), while the other datasets detected a major weight for JS1
(67% vs. 33% for the terrestrial SfM point cloud, and 58% vs. 42% for the UAV point cloud). As stated
in the previous section, an underestimation of the weight of JS2 from the laser scanner might have
been caused by missing data corresponding to occlusions (due to the position of the laser scanner)
along the surfaces exposed to NNW, and thus, with directions parallel to JS2. Field measurements
were used to validate the results (Figure 4.11c). The highest orientation difference was found for JS2:
a difference of 8° between the field measurements and the terrestrial SfM was detected. It is remark-
able that the ratios between the weights of JS1 and JS2 for these datasets were inverted. The weight
percentages of the joint sets detected on the field were also different from the data extracted from
the TLS and UAV point clouds. This discrepancy was attributable to scarce accessibility on the field,
which did not allow the sampling of a representative number of surfaces belonging to JS1, leading to
its underestimation. However, many fractures belonging to JS2, detected from their traces in the
field, were not extracted from the point clouds because of the poor exposition of planar surfaces. In
addition, the Fisher’s k parameter determined from the field surveys showed a much lower dispersion
of the data, probably related to a lower number of measurements, performed on small sectors of the
discontinuities. As a matter of fact, field measurements taken by means of a compass-clinometer are
representative of small areas and, therefore, they are less affected by undulation and discontinuity
planes with respect to remote sensing techniques, which provide measurements of the entire length
of the exposed surface.

The DSE software identified two additional discontinuity sets with respect to the previous method,
corresponding to the bedding and the ground surface. Since the aim of the analysis was to detect
whether the acquisition technique could influence the detection of joint sets, bedding and topogra-
phy were not considered in the comparison. The main differences between the discontinuity sets
extracted using Coltop3D and DSE are illustrated in Figure 4.12 and further discussed in Section 4.5.
Tables 4.7 and 4.8 summarize the data extracted for JS1 and JS2, respectively, as well as the differ-
ences between the pairs of point clouds. A maximum strike difference of approximately 5 degrees
was found for JS1 and JS2 in all datasets, but the mean dip direction of JS1, estimated from the UAV
point cloud, was opposite with respect to the dip direction extracted from the other point clouds. As
regards the dip values, a considerable difference was obtained for JS1: while sub-vertical surfaces
were detected from the UAV and TLS point clouds, the terrestrial SfM technique provided less steep
values, with a difference of about 16°. The ratios of weight percentages between JS1 and JS2 were
similar for the TLS and UAV point clouds, while major differences were found in the dataset from
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terrestrial SfM; however, all detected a greater weight of JS1. Acceptable differences were found for
the persistence estimation for JS2, but not for JS1: the maximum persistence estimated from the
terrestrial SfM point cloud differed by about 3 m from the other datasets. A possible explanation for
this difference is that more discontinuities were grouped together into a single cluster because of the
lower resolution of the terrestrial SfMpoint cloud, thus leading to an overestimation of the persis-
tence (see blue discontinuities in Figure 4.12a).

With regard to spacing, considering both persistent and non-persistent joints as described by
Riquelme and co-workers (Riquelme et al. 2015), the results of the UAV and TLS point clouds (which
are similar) were much lower than those calculated from the terrestrial SfM technique, which in some
cases showed values that were 10 times higher.

Based on the outcomes of the two approaches to detect and characterize the discontinuity sets from
point clouds, it was found that the most accurate results were detected from the UAV point cloud,
which made it possible to overcome the limitations of the TLS technique (occlusions could not have
been avoided because of scarce accessibility at the study site) and of the geostructural and geome-
chanical surveys. Instead, an inappropriate characterization resulted from the terrestrial SfM survey.
The mean orientations of the discontinuity sets extracted from the three point clouds by means of
Coltop3D and DSE, together with the results of field surveys, are reported in Table 4.9. An important
point concerns a limitation of the remote sensing techniques with respect to geostructural and geo-
mechanical surveys on the field. For all the remote sensing point clouds, an appropriate detection of
the bedding of the rock mass was not possible because of the orientation biases related to frontal
acquisitions. Indeed, the bedding represents a major discontinuity sets in the study site, as it is char-
acterized by a large persistence and contributes to the occurrence of potential instabilities. In this
perspective, it must be stressed that whatever is the adopted remote sensing technique, the results
must be compared and integrated with field-surveys.

Since the survey design and the site conditions were not optimal for the identification of the bedding,
the comparative analysis reported in this chapter was focused on the sub-vertical joint sets. Further
investigation on the detection of the bedding by means of combined approaches are illustrated in
Chapter 7 (sections 7.3.3 and 7.3.5).
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Figure 4.11: Semi-automatic identification of the main joint sets from the point clouds in a representative area
of the rock mass with Coltop3D (a—c) and validation by means of field surveys (d). (a) Point cloud and stereonet
from terrestrial SfM; (b) point cloud and stereonet from Unmanned Aerial Vehicle SfM; (c) point cloud and
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stereonet from terrestrial Laser Scanning; (d) photo and stereonet from field surveys. The stereonets show the
best-fit great circles and poles of the main joint sets, and high lower-hemisphere Schmidt equal-angle stereo-
graphic projections.

Figure 4.12: JS1 extracted from Coltop3D (a) and DSE (b). (c) Some points of the topography (in yellow) were
not separated from JS1 (blue) by DSE and interfered with the estimation of the JS1 dip direction. (d) Differences
in J1 between the point clouds from Coltop3D and DSE: red areas correspond to points belonging to the topog-
raphy that were considered by the DSE for the extraction of JS1.

Table 4.6. Main orientation, Fisher’s K parameter and weight of the main discontinuity sets detected from the
terrestrial-SfM, TLS and UAV-SfM techniques by means of Coltop3D, and results of the field surveys.

Acquisition Technique JS1 JS2
Dip Dip Fisher's K Weight % Dip Dip Fisher's K Weight %
Direction Direction

TLS (21,828 poles) 301 86 40 48.55 216 90 41 51.45

terrestrial SfM (8690 300 85 42 66.60 40 89 48 33.40
poles)

UAV SfM (16,697 302 86 37 57.62 217 90 44 42.38
poles)

Field measurements 301 90 59 33.93 212 90 216 66.07

(216 poles)

Table 4.7. Characterization of JS1 by means of Discontinuity Set Extractor (DSE) on point clouds acquired from
Terrestrial-SfM, TLS and UAV-SfM (top) and calculated differences (bottom).

Data from geostructural analysis

Technique Dipdir.® Dip°® Density % Persistence (m) Spacing
(m)
mean max persistent non-persistent
TLS (24,779 poles) 282.73 87.14 0.70 30.86 0.34 2.05 0.14 0.04
terrestrial SfM (4784 poles) 283.28 70.69 1.79 39.87 0.68 @ 5.37 0.62 0.40
UAV SfM (17,123 poles) 108.17 86.84 0.37 26.59 042 261 0.19 0.06
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Differences

Compared Dipdir.® Dip° Density % Persistence (m) Spacing
dataset (m)
mean max persistent non-persistent
TLS- terrestrial SfM 0.55 16.45 1.09 9.01 035 3.32 0.48 0.36
TLS-UAV SfM 174.56  0.30 0.34 427 0.08 0.56 0.05 0.02
UAV SfM- terrestrial SfM 175.11 16.15 1.42 13.28 0.27 277 0.44 0.34

Table 4.8. Characterization of JS2 by means of Discontinuity Set Extractor (DSE) on point clouds acquired from
terrestrial-SfM, TLS and UAV-SfM (top) and calculated differences (bottom). The persistence and mean spacing
are calculated over the area shown in Figure 4.11.

Data from geostructural analysis

Technique Dip dir.* Dip°® Density % Persistence Mean spacing (m)
(m)
mean = max persis-  non-persis-
tent tent
TLS (16380 poles) 31.18 87.96 1.08 20.40 0.34 2.02 0.20 0.08
terrestrial SfM (578 poles) 35.24 86.97 0.42 6.96 050 1.64 0.62 0.40
UAV SfM (9325 poles) 29.35 90.00 0.48 14.48 0.40 1.92 0.27 0.13
Differences
Compared Dipdir.® Dip° Density % Persistence Mean spacing (m)
dataset (m)
mean max persis- non-persis-
tent tent
TLS- terrestrial SIM 4.06 0.99 0.66 13.44 0.16 0.38 0.42 0.32
TLS-UAV SfM 1.83 2.04 0.60 5.92 0.06 0.10 0.07 0.05
UAV- terrestrial SfM 5.89 3.03 0.07 7.52 010 0.28 0.35 0.27

Table 4.9. Orientation of the discontinuity sets extracted by means of Coltop3D and DSE on the three datasets.

JS1 JS2

Dip direction Dip Dip direction Dip
COLTOP3D DSE COLTOP3D DSE COLTOP3D DSE COLTOP3D DSE
TLS 301 283 86 87 216 31 90 88
terrestrial StM 300 283 85 71 40 35 89 87
UAV SfM 302 108 86 87 217 29 90 90

Field
measurements 301 0 212 90

4.4.4. Rockfall Detection by Means of Multi-Temporal Acquisitions

Positive and negative surface changes between pairs of point clouds acquired using the same tech-
nique in different periods were analyzed in detail.

All positive changes, both for the UAV and TLS pairs of point clouds, were related to the growth of
vegetation after the first acquisition (Figure 4.13). It is specified that an initial attempt to semi-auto-
matically filter the vegetation in both point clouds was made by means of the Canupo plugin (Brodu
and Lague 2012). However, shrubs and bushes grown in the fractures and cavities of the rock mass
were not correctly identified because of their similarity in shape and color (with respect to the darker
lithofacies) to the rocks. As consequence, not all the vegetation was segmented out of the point
clouds and some areas of the rock slope were removed as well (especially in indented areas), causing
several surface changes to be detected by the Cloud-to-Mesh distance computation. For this reason,
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the vegetation was kept during the point cloud comparison process and identified by means of visual
inspection during the interpretation phase.

The negative surface changes in the TLS point clouds were more difficult to interpret: although some
were clearly determined by human activity and changes in the vegetation cover (Figure 4.14a), the
low resolution of the photos taken by the laser scanner during the acquisitions did not make it possi-
ble to distinguish whether the points missing in the successive point cloud were related to the loss of
material or vegetation, which, in some cases, is very similar in color and shape to the darker lithofa-
cies. On the contrary, interpretation of the negative deviations was much accurate for the UAV point
clouds: loss of vegetation and of man-made elements could be detected by comparing the high-res-
olution photos (Figure 4.14b—d). However, the fine registration of the successive UAV point cloud to
the reference one was not as precise as the one of the TLS point clouds because of the SfM limitations.
In fact, due to the impossibility of acquiring photos during the second flight from the same position
and perspective of the first flight, not all the points could be matched during the ICP registration. As
a consequence, more surface changes were observed with respect to the laser scanner point clouds,
and more time was necessary for the interpretation. In addition, the detection threshold (4 cm) for
surface changes was higher than the TLS one (1.5 cm), meaning that only changes higher than 4 cm
could be detected from the UAV point cloud. Only one probable rockfall was identified from the two
datasets (Figure 4.15). The estimated volumes were 0.038 m3 and 0.066 m? for the TLS and UAV point
clouds, respectively. A Cloud (UAV) to Mesh (TLS) distance computation of the point clouds acquired
on the same day in December 2019 from the drone and from the laser scanner allowed the detection
of the main differences (Figure 4.16). The positive surface changes (red points in Figure 4.16a) were
located on the indented surface of the rock block (which failed 6 months later) because of inaccurate
reconstruction of the point cloud from the SfM technique. Smoother surfaces caused the generation
of a larger mesh by means of Poisson Surface Reconstruction with consequent overestimation of the
failed rock block volume (Figure 4.16b—c). Although an anthropogenic cause of the failure cannot be
excluded, as directly observed on the field to validate these results, the applied method shows that
the TLS data were more accurate in terms of the estimation of the rockfall volume.

C2M signed distances
[m] 0.15

Figure 4.13: Comparison between the point clouds obtained by means of the TLS technique in December 2019
and July 2020: the positive deviations correspond to the growth of vegetation after the first acquisition.
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Figure 4.14: Negative surface changes detected in the TLS and the UAV point clouds. (a) The negative deviations
of the TLS point clouds were mostly related to the loss of vegetation and removal of human artifacts (i.e., ropes)
after the first acquisition. (b—d) The negative deviations of the UAV point clouds were identified directly on the
high-resolution photos acquired by the drone and correlated to the loss of vegetation, whose color and shape
could be easily confused with portions of the rock mass in the point clouds.

Figure 4.15: Rockfall occurred between the 2019 (a) and the 2020 (b) acquisitions, detected in the form of
negative deviation from the TLS (c) and UAV (d) point clouds.
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Figure 4.16: Details of the rockfall detected in the point clouds from the UAV and TLS acquisitions’ comparisons.
(a) Cloud (UAV) to Mesh (TLS) distance computation of the point clouds acquired on the same day in December
2019, with the positive deviations highlighted in red; (b) mesh of the rockfall detected in the TLS point clouds;
(c) comparison between the volumes of the meshes calculated using the TLS (green) and UAV (yellow) tech-
niques. The higher volume of the rockfall, as detected from the UAV technique, was due to a limitation of the
SfM technique, which was not able to produce a detailed reconstruction of the surface in the fissures of the
rock mass. Therefore, the smoother surface led to an overestimation of the volume of the detected rockfall.

4.5. Main Outcomes and Conclusions

Remote sensing techniques are of paramount importance to overcome the limitations of conven-
tional field methods for rock slope investigations, especially when dealing with poorly accessible ar-
eas of large size and with unsafe conditions. Since several technologies have been introduced in re-
cent decades, the question as to which method is more appropriate for a particular case study may
arise. It is evident that the choice of technique depends on the geologic, morphological and environ-
mental conditions of the target, as outlined by Stead and co-workers (Stead et al. 2019). With this
study, a comparative analysis of point clouds obtained by means of TLS, terrestrial SfM and UAV SfM
was performed, after validation by means of conventional geostructural and geomechanical surveys,
in order to evaluate the advantages and limitations of each technique for slope investigations in com-
plex coastal areas, which are of high interest in terms of the tourist economy.

The TLS methods allowed the acquisition of detailed point clouds in a relatively short time at distances
of up to hundreds of meters, depending on the laser scanner used. Conversely, the UAV-SfM tech-
nique required a preliminary mission-planning phase to achieve the best coverage area with the most
appropriate ground resolution. Furthermore, permission from the authorities may be mandatory in
flight-restricted areas. Adverse weather conditions such as rain, wind or fog do not affect laser scan-
ner acquisitions as much as terrestrial and UAV SfM surveys, for which the quality of the photos might
be seriously compromised, in addition to the risk of instrument damage. For terrestrial SfM, partially

92



Comparison of Remote Sensing techniques for geostructural analysis and cliff monitoring in coastal areas of
high tourist attraction: the case study of Polignano a Mare (southern Italy)

cloudy weather is preferred to sunny conditions (Javernick et al. 2014) to avoid shadows and sea
reflections, which can cause uneven textures and areas with low density or artifacts in the processed
point cloud. However, UAV techniques require less effort in terms of costs and logistics, which can be
an issue for TLS methods in poorly accessible and steep sites, due to difficulties in carrying the laser
scanner and targets. TLS can be inadequate for vertical or sub-vertical slopes if the scan positions are
limited by the site morphology. As a matter of fact, occlusions along the bedding and surfaces ex-
posed to NNW in the case study were caused by the impossibility of higher positioning of the laser
scanner, and occurred further north with respect to the scan position. However, as stated by Pagano
and co-workers, TLS techniques are generally able to acquire data in vegetated areas, depending on
the type of vegetation, which can be an issue for SfM surveys (Pagano et al. 2020). Terrestrial SfM is
not the best solution in poorly accessible areas as well; for instance, a sector of the terrestrial SfM
point cloud (right part of Figure 4.7) appeared distorted when compared to the TLS dataset because
of the lack of good camera locations and the consequent misalighment during the SfM procedure. In
addition, if the camera positions are constrained by terrain morphology, a change of the distance
from the outcrop can cause differences in the ground resolutions in the 3-D model.

As regards the processing phase, SfM techniques are more time-consuming with respect to the TLS
method, because more steps are necessary to carry out the SfM procedure, which can take some
hours of work (from image inspection to software computation) depending on the number of photos
to process and the desired resolution. In addition, a lack of sufficient Ground Control Points or a low
GPS signal of the UAV system may cause deformations and incorrect georeferentiation, with unrelia-
ble results consequently being obtained in the geostructural analyses, especially if the sectors of the
point clouds are mutually shifted.

Moreover, the cleaning phase of the photogrammetric technique requires greater efforts from the
operator because of numerous unwanted objects such as the background and dynamic disturbances
(i.e., sea waves) affecting the point cloud of the presented case study. It is remarkable that such ele-
ments had to be manually segmented out because the classification algorithms available in Agisoft
Metashape and CloudCompare also removed points belonging to the rock mass in sectors with similar
colors. On the other hand, the TLS point cloud appeared much less disturbed from reflections and
scatter points, but in some cases, dynamic disturbances affected the quality of the point cloud. Spe-
cifically, the TLS point cloud was locally affected by noisy points caused by people moving on the
study area; the same obstacles were easily removed when implementing the SfM technique by ap-
plying masks. Based on these considerations, it is specified that, although SfM techniques can reduce
the data collection times by about 80% (James and Robson 2012), the same amount of time is spent
in producing and cleaning the final point cloud. However, if the surveyed area is affected by dynamic
disturbances, SfM techniques may provide a better solution in terms of accuracy and time.

As shown in Figure 4.6 and Table 4.5, the TLS and UAV techniques performed at short distance from
the target provided point clouds with similar accuracies: for the less accurate zones (i.e., plane 1 for
TLS and plane 2 for UAV), 1.3% of the points were at 3 and 4.5 cm from the reference plane (1 + 30).
In non-occluded areas, the TLS point cloud was able to provide details of very small features (i.e.,
building elements) and of zones below the vegetation, which were not observable from the UAV da-
taset. Conversely, for plane 3 of the terrestrial SfM point cloud (Table 4.5), 1.3% of the points were
at a distance of 12 cm from the reference plane (i1 £ 30). Although the same plane orientations were
estimated from the three datasets, the low quality of the terrestrial SfM point cloud might represent
a limitation when dealing with complex morphologies.
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With regard to the geostructural analysis, it was found that the extracted main discontinuity sets had
almost the same orientation and that only their weight was differently estimated because of occlu-
sions specific to the analyzed dataset. The similarity of the results from geostructural characterization
from TLS and terrestrial SfM along rock cuts was reported by Sturzenegger and Stead (2009). The
discontinuities were sub-vertical; therefore, the estimated dip direction could be towards one direc-
tion or the opposite one. The variation of polarity for steep discontinuities, related to undulated pat-
terns, was also outlined by Pagano and co-workers (Pagano et al. 2020). In summary, the main differ-
ences of the geostructural analysis do not depend on the point cloud type, but on the approach used.
Specifically, a difference of almost 20° was found for the J1 orientation from Coltop3D and DSE.
Through a detailed analysis it was assessed that the DSE did not manage to separate JS1 from the
ground surface; therefore, some points belonging to the mean orientation of the cliff (N-S) were
merged with the DS and its mean strike was more oriented towards N—S with respect to the results
of Coltop3D (JS1 was properly isolated in Coltop3D by means of the operator’s validation). In other
words, some secondary structures generated from discontinuities of larger scale belonging to JS1 and
JS2 were attributed to a third discontinuity set from the DSE, which was not accurately separated
from JS1 (Figures 4.12 and 4.17). Based on these observations, it is believed that automatic methods
should be performed on UAV point clouds rather than on TLS point clouds in order to easily validate
the results by means of visual inspection of more detailed textures or high-resolution photos.

<—N

Figure 4.17: Large-scale orthogonal discontinuities (b) developed in the bedding (a) were eroded over time and
led to the formation of sub-vertical discontinuities striking N=S (c) that were not correctly separated from the
joint set JS1 by DSE software. For this reason, the mean dip direction of JS1, calculated by means of DSE, was
about 20° closer to the North with respect to that calculated by means of Coltop3D software.

The results of multi-temporal acquisitions obtained by means of the TLS and UAV techniques showed
that major accuracy, in terms of monitoring, can be achieved from the first one, given the lower
threshold limit to detect surface changes. Indeed, the TLS instrumental errors are small enough to
ensure the detection of millimetric deformations when comparing consecutive point clouds (Abellan
et al. 2009). Interpretation of the UAV results was more complex because of the presence of more
anomalies, which were due to differences in shadow zones depending on the trajectory of the drone
during the two acquisitions. However, the origin of the surface change was less uncertain with respect
to the TLS method because the vegetation was easily recognizable from the high-resolution photos.
In addition, UAV systems allow the monitoring of larger zones compared to the laser scanner, whose
field of view can be limited in poorly accessible zones. The main issues involved in using UAV tech-
niques for rockfall detection and cliff monitoring are related to the poor coverage of the SfM in the
indented areas, which, in this study, caused an overestimation of the failed block volume. This limi-
tation should be taken into account when planning protection measures such as nets.
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As a general observation, it is specified that the method carried out to align and finely register the
compared point clouds required a large amount of time because many sub-sets of point clouds had
to be manually segmented and aligned several times by means of ICP algorithm. For future develop-
ments, a code could be implemented to semi-automatically split the original point clouds in a grid
and independently align each part to the reference one, as illustrated in Guerin and co-authors
(Guerin et al. 2017), thus achieving optimal results in a relative short time.

Based on the main outcomes of the comparative analysis, terrestrial SfM can be used to perform
only preliminary slope investigations in complex environments. However, professional cameras with
longer focal lengths could be used to obtain higher-resolution photos and larger ground resolution.
More detailed geostructural analyses and monitoring can be obtained using both the TLS and UAV
methods. Each technique has its own advantages and drawbacks, but the authors agree with the
statements made by Stead and co-workers, where it was stated that accessibility is the first factor to
consider in order to choose the most appropriate technique (Stead et al. 2019). If accessibility is en-
sured, the most suitable technique is TLS, in terms of both accuracy and time.

Being complementary to each other, both methods can be combined to fully characterize the exam-
ined area. Specifically, TLS surveys can be carried out to generate accurate and geo-referenced point
clouds to use as references. Successive UAV acquisitions are recommended to increase the observa-
tion area with less effort, collect data in the occlusions of the TLS point clouds (if present) and detect
large-scale surface changes. If surface changes are detected, specific TLS surveys can be applied to
the instable area to correctly estimate the volume of the failed blocks.

Finally, it is remarked that remote sensing techniques are powerful tools for rock slope characteriza-
tion and help to significantly reduce the time needed to carry out conventional surveys in safe condi-
tions. However, field surveys remain irreplaceable in the collection of information on the mechanical
behavior of rock masses and should be combined with the described technologies to achieve deep
knowledge of the investigated area.
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4.6. Supplementary materials
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Figure S4.6a: Cloud-to-Mesh distance computation on plane 1 for the estimation of the point cloud quality
obtained from TLS, terrestrial and UAV SfM. p and o represent the mean and standard deviation of the distri-

bution of the distances, respectively.
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Figure S4.6b: Cloud-to-Mesh distance computation on plane 2 for the estimation of the point cloud quality

obtained from TLS, terrestrial and UAV SfM. u and o represent the mean and standard deviation of the distri-

bution of the distances, respectively.
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Figure S4.6c: Cloud-to-Mesh distance computation on plane 3 for the estimation of the point cloud quality obtained from
TLS, terrestrial and UAV SfM. p and o represent the mean and standard deviation of the distribution of the distances, re-

spectively.
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Figure S4.6d: Cloud-to-Mesh distance computation on plane 4 for the estimation of the point cloud quality
obtained from TLS, terrestrial and UAV SfM. p and o represent the mean and standard deviation of the distri-
bution of the distances, respectively.
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Figure S4.6e: Cloud-to-Mesh distance computation on plane 5 for the estimation of the point cloud quality
obtained from TLS, terrestrial and UAV SfM. u and o represent the mean and standard deviation of the distri-
bution of the distances, respectively.
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Figure S4.6f: Cloud-to-Mesh distance computation on plane 6 for the estimation of the point cloud quality ob-
tained from TLS, terrestrial and UAV SfM. 1 and o represent the mean and standard deviation of the distribution
of the distances, respectively.
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Figure S4.11a: Stereonet and contour plots from terrestrial SfM data; high lower-hemisphere Schmidt equal-
angle stereographic projections.
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Figure S4.11b: Stereonet and contour plots from UAV data; high lower-hemisphere Schmidt equal-angle stere-
ographic projections.
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Figure S4.11c: Stereonet and contour plots from TLS data; high lower-hemisphere Schmidt equal-angle stere-
ographic projections.
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Figure S4.11d: Stereonet and contour plots from conventional field surveys data; high lower-hemisphere
Schmidt equal-angle stereographic projections.
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Chapter 5 Evaluation of InfraRed Thermog-
raphy Supported by UAV and Field Surveys for
Rock Mass Characterization in Complex Set-
tings

Abstract: The InfraRed Thermography (IRT) technique is gaining increasing popularity in the geosciences. Alt-
hough several studies on the use of this technique for rock mass characterization were reported in the litera-
ture, its applicability is challenging in complex environments, characterized by poor accessibility, lithological
heterogeneity, karst features and disturbances, such as vegetation and human activities. This chapter reports
the results of specific tests carried out to explore the application of IRT methods, supported by UAV surveys,
for rock mass characterization in complex conditions. In detail, a 24-h monitoring was performed on an appro-
priate case study to assess which type of information can be collected and what issues can be expected. The
results of the thermograms were compared with data reported in the literature and discussed. A novel method
to detect correlations between the temperature profiles at the air-rock interfaces and the rock mass properties
is presented. The main advantages, limitations and suggestions in order to take full advantage of the IRT tech-
nique in complex conditions are reported in the final section.

5.1. Introduction

InfraRed Thermography (IRT) is a contactless and non-invasive technique measuring the infrared ra-
diations emitted by objects in the form of electronic signal (Wolfe et al. 1985) that has recently been
gaining popularity in geosciences. Thermal radiation operates in the portion of the electromagnetic
spectrum with wavelengths falling in the range of 0.78—1000 um (Wolfe et al. 1985; Dewitt and Nut-
ter 1988; FLIR 2014) (Figure 5.1). Thermographic cameras are devices working in the wavelength
range of 7.15 to 14 um that measure radiations emitted by objects and convert them into tempera-
tures. The objects investigated by means of IRT techniques provide radiations proportionally to their
emissivity €, which is defined as the ability of an object to emit heat energy (Shannon et al. 2005).
Since the target object itself can reflect radiations emitted by the surrounding objects, part of the
total radiation can be dispersed and emitted by the atmosphere (Shannon et al. 2005; Prendes-Gero
et al. 2013; FLIR 2014). Hence, the radiation Uy, emitted by the target object and received by a ther-
mographic camera is defined as (FLIR 2014):

1 1— ¢ 1—1

Uobj = ;Utot - _s Urerl — TUatm Eq. 5.1
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where € is the emissivity, T is the transmittance of the atmosphere, Ui is the total energy received
by the thermograph, Ures is the reflected radiation, and Uawm is the radiation emitted by the atmos-

phere.
Visible band
Gamma X - rays uv Microwaves Radiowaves
rays
T . T T, T
10° 10° 102 10 10° 10°
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Figure 5.1: Schematic representation of the InfraRed spectrum (modified after Mineo and Pappalardo, 2021).

In the last decade, there has been a significant increase in the application of terrestrial and airborne
IRT technique, supported by other remote sensing technologies, in geosciences. For instance, thermal
cameras, often coupled with LiDAR (Light Detection And Ranging) or UAV (Unmanned Aerial Vehicle)
systems, were used to map thermal anomalies of volcanic systems to monitor and predict potential
changes (Moxham et al. 1965; Mongillo et al. 1995), for landslide mapping (Baron et al. 2012; Frodella
et al. 2015, 2017b; Pappalardo et al. 2018) and to detect the rock bridges contributing to cliff stability
(Guerin et al. 2019). In addition, thermal cameras were used in mining engineering and cave explora-
tion to identify loose rock blocks, open cracks, tension fractures, high-stress zones, and potential
rockfall source areas (Rinker 1975; Liu et al. 2011; Barofi et al. 2012; Mineo and Pappalardo 2021).
Recently, the IRT technique has been widely used for rock mass characterization to study the thermal
behavior of rocks under heating and cooling conditions (Squarzoni et al. 2008; Mineo et al. 2015a;
Fiorucci et al. 2018), to detect discontinuity planes, weathered and intensely jointed zones, unstable
protruding blocks and water seepage (Adorno et al. 2009; Teza et al. 2012; Gigli et al. 2014; Frodella
et al. 2014; Mineo et al. 2015a, b; Pappalardo et al. 2016; Frodella et al. 2017b, a; Pappalardo and
Mineo 2019; Chicco et al. 2019), according to the contrast of the emitted thermal energy. Thermal
devices were coupled with the GPR (Ground Penetration Radar) technique to identify eroded caves
behind shotcrete-protected slopes (Wu et al. 2005). Being a non-destructive technique, the IRT was
used during post-rockfall emergency surveys to evaluate potential reactivations through the detec-
tion of fractures and caves (Pappalardo et al. 2020) and as support for landslide mapping (Frodella et
al. 2015), monitoring and early warning (Casagli et al. 2017).

The use of infrared thermography was also extended to geotechnical applications: for instance, the
relation between the cooling index of rocks and the compressive strength of rock blocks was identi-
fied by coupling IRT and Schmidt Hammer tests (Loche et al. 2021). In addition, methods to estimate
the porosity of rock samples (Mineo and Pappalardo 2019), to predict cracks development (Deng et
al. 2021), wedge indentation (Liu et al. 2018) and to detect microstructural changes (Junique et al.
2021) at the laboratory scale were recently proposed.
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The generation of 3-D thermal point clouds by means of Structure from Motion (SfM) approaches
was introduced in a few studies (Grechi et al. 2021; Mineo et al. 2022) and, despite the low resolution
of thermal images compared to other remote sensing techniques, the outputs provided accurate
measurements of the rock temperatures for rock mass monitoring. In addition, the inspection of
georeferenced 3-D thermal models allows geoscientists not only to extract the main discontinuity
sets of rock masses, but also to estimate geomechanical parameters, such as fracture aperture, per-
sistence and weathering degree of rock masses, as demonstrated by Mineo and co-workers (Mineo
et al. 2022).

All of the above illustrate several methodologies to perform rock mass characterization at different
scales by combining the infrared thermography with other remote sensing technologies (mostly Li-
DAR and terrestrial SfM). However, success in large-scale investigations is not guaranteed in poor-
accessible sites, especially when only a few shooting points are available. In these circumstances, the
field of view and the spatial resolution of the surveyed area are subjected to logistical constraints
(Frodella et al. 2014; Mineo et al. 2015b; Pappalardo et al. 2016) and the acquisition of thermal im-
ages from short distances and different perspectives to produce high-resolution point clouds is not
always possible.

This study reports the results of a 24-h monitoring by means of infrared thermography on a rock cliff
located in an urban, highly touristic, coastal site, characterized by vertical and lateral lithological het-
erogeneity, as well as by the presence of karst features. As a matter of fact, the mentioned factors
proved to be disturbance elements during previous studies carried out on the same area by means
of Terrestrial Laser Scanning (TLS) and UAV platforms for rock mass characterization and rockfall de-
tection (Loiotine et al. 2021a). At the same time, the shrubs diffused throughout the rock mass, the
artificial cavities and walls, as well as people moving in the field of view, perturbate the thermal out-
puts of the target in the form of thermal anomalies.

This research is aimed at further investigating the applicability of the IRT technique for large-scale
rock mass characterization and to assess whether, in complex conditions, it is possible to derive the
information presented in the literature. Indeed, the lithological heterogeneity and the abovemen-
tioned disturbance elements represent a challenge for the success in IRT surveys because of the lim-
ited spatial resolution related to the site morphological constraints. Although from a distance sensor-
target of 35 m, the ground resolution of the thermal outputs was 2.4 cm, the low resolution of the
RGB integrated camera (5 Mpixels) did not allow an appropriate interpretation of the thermal out-
puts. For this reason, UAV data, field surveys and laboratory tests were carried out to support the IRT
processing and interpretation, by directly inspecting the high-resolution photos and the point cloud,
and taking into account the material properties (e.g., porosity).

The results of the thermal outputs (both derived from the thermograms and from direct measure-
ments by means of k-type thermocouples) are in agreement with scientific research carried out on
other case studies. A novel methodology to directly correlate the air-rock temperatures and the ge-
omorphological, lithological and geostructural setting of rock masses through the alignment of pro-
files extracted from thermal images and point clouds is presented.
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5.2. Materials and Methods

5.2.1. Case study: Polignano a Mare (southern Italy)

The study area is a 20-m high rock cliff facing the Adriatic Sea at the Lama Monachile site, a high-
impact tourist destination at Polignano a Mare (southern Italy) (Figure 5.2). From a geologic stand-
point, the site is constituted by a 3-km-thick Cretaceous bedrock, related to a wide carbonate plat-
form, discontinuously overlain by transgressive quaternary deposits associated with shallow and ag-
itated marine waters (Ricchetti et al. 1988; Tropeano and Sabato 2000). Morphology of the area is
represented by a series of marine terraces parallel to the current coastline, which are the result of
the superimposition of the regional uplift of Apulia started during the Lower Pleistocene and of glacio-
eustatic sea level changes (Ciaranfi et al. 1988). Lama Monachile is part of the network of karst valleys
which crosses the marine terraces until reaching the Adriatic Sea, and takes its name from local terms
describing the main types of karst incisions in Apulia(Parise 2011; Parise et al. 2016). In detail, lame
are generally dry and slightly incised valleys with a flat bottom, in which the water flows during ex-
ceptional rainfall events, often originating flash floods in the karst environment, with severe negative
effects (Bonacci et al. 2006; Parise 2010; Del Prete et al. 2010; Gutiérrez et al. 2014; Parise et al.
2016).

Two geologic units crop out along the sides of Lama Monachile: limestones and dolostones belonging
to the Calcare di Bari Fm. (Valanginian—late Cenomanian) and biocalcarenites belonging to the Cal-
carenite di Gravina Fm. (upper Pliocene—early Pleistocene). Petrographic examination with transmit-
ted light was performed on thin sections of representative samples, using optical polarizing micros-
copy. The Calcare di Bari Fm., which is formed by sub-horizontal thin to thick bedded layers (0.05-1
m), for a total thickness of 15 m, is constituted by two main lithofacies, whitish-greyish micritic lime-
stones and grey-brown dolostones, alternating in the carbonate succession. The Calcarenite di
Gravina Fm. overlies the Cretaceous bedrock through an angular erosional unconformity and reaches
a total thickness of about 8 m in the study site, although the upper boundary is not well visible be-
cause of the buildings located at the top of the cliff. It is made up of poorly cemented, yellowish-
greyish coarse to medium-grained calcarenites.

¥ camera
&location 7

Figure 5.2: Location of the study area (base map retrieved from Google Satellite). The thermal imager is rep-
resented by the yellow marker.
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For both formations, dry density, saturated density, porosity, water absorption and degree of satu-
ration were defined according to standard procedures (ISRM 1979; Ulusay 2015) (Table 5.1). The Cal-
care di Bari Fm. has mean porosity values of approximately 9% and 4% for the micritic and dolomitic
facies, respectively. The water absorption is 1-5% for the micritic facies and 0—2% for the dolomitic
facies, while the degree of saturation varies in the range 36—100% and 50-90% for the micritic and
dolomitic facies, respectively. The Calcarenite di Gravina samples are characterized by higher porosity
(41%) and water absorption (18-30%). A degree of saturation of about 100% indicates that the pores
in the rock particle are usually interconnected and continuous (high open primary porosity), in agree-
ment with tests carried out on the same unit, in different Apulian sites (Andriani and Walsh 2003;
Andriani et al. 2021). By contrast, the Calcare di Bari Formation is characterized by isolated voids
(secondary porosity), as demonstrated by the lower degree of saturation.

Table 5.1: Physical properties of the materials cropping out at the study site.

Calcarenite di Gravina Calcare di Bari Calcare di Bari

Property Micritic Facies Dolomitic Facies
Min Max Mean Min Max Mean Min Max Mean

Dry density (Mg/m3) 1.48 1.72 1.60 244 252 247 247 272 262
Sat. density (Mg/m?3) 1.88 2.06 197 249 257 252 252 273 2264
Porosity, n (%) 36.13 45.16 40.75 6.81 11.48 9.03 0.68 9.74 4.47

Water absorption, wq(%) 1829 29.69 23.06 1.00 4.79 2.69 0.21 196 1.03
Degree of saturation, Sr % 73.91 99.77 89.98 36.06 99.84 70.90 49.74 89.61 70.84

From a geostructural point of view, the Calcare di Bari Fm at Polignano a Mare is characterized by
sub-horizontal bedding surfaces (S0) and two orthogonal subvertical joint sets striking NNE-SSW (J1)
and ESE-WNW (J2), respectively (Figure 5.3a). Slight variation of the attitude of the discontinuities
are locally determined by folds interpreted as the effects of transtentional and transpressional defor-
mations (Andriani and Pellegrini 2014). The geostructural and geomechanical setting of the study site,
determined by means of conventional geostructural and geomechanical surveys (ISRM 1988) and
point cloud inspection, is summarized in Table 5.2. The mean discontinuity persistence was estimated
according to the geometric relationships between the discontinuity traces and specific sampling win-
dows, following the method proposed by Pahl (1981). The discontinuity surfaces are hardly recog-
nizable in the calcarenite unit, which shows a massive structure (Figure 5.3b).

Figure 5.3: Geostructural setting of the study site; (a) sub-vertical joint sets (J1, J2) and bedding surfaces (S0)
detected in the Calcare di Bari Fm. by means of field surveys and UAV point cloud inspection; (b) details of the
fracture network in the Calcare di Bari Fm. and of the massive structure of the Calcarenite di Gravina Fm.
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Table 5.2: Main geostructural and geomechanical parameters of the Calcare di Bari Fm.

DS Type Mean Mean Weight Spacing Persistence Aperture Water Condi-  Filling JRC

Dip Dip % (m) (m) (cm) tions
Dir. ° °
)1 Joint 122 88 50 0.12-1.00  0.22 Upimis | Brpiednm | ooy e
' ’ ' P ’ ¥ P absent VI
. Generally V-
J2  Joint 33 84 20 0.08-0.30 1.99 Upto 1.5 Drytodamp absent VI
Bed- Generally

SO P 224 5 30 0.05-1 >20 Uptol1l.5 Drytodamp absent Vil

The rock mass is affected by heavy physical and chemical weathering, the effects of which are visible
in the form of voids and cavities caused by karst processes, salt crystallization, wetting and drying
cycles and biological activity, all factors potentially predisposing to detachment of rocks (Lollino et al.
2013; Parise et al. 2015).

Despite the presence of subvertical rock walls, bushes and shrubs of the Mediterranean vegetation
are diffuse over the rock mass (Figure 5.3b) and tend to grow with their root systems inside the frac-
tures and voids, thus favoring aperture of the discontinuities. In addition, human works, such as ter-
races, excavation of artificial cavities and buildings partially carved, especially in the porous and soft
calcarenites, modified the overall morphology, locally contributing to reduction of the strength prop-
erties. As a result, the structure of the rock mass and the surface conditions of the discontinuities are
laterally and vertically variable. Based on these observations, a geological strength index (Marinos
and Hoek 2000; Marinos 2017; Hoek and Brown 2018) varying between 43 and 60 according to the
local conditions was assigned to the rock mass at the Lama Monachile site. In detail, the GSI values
of the limestone units were determined considering type “B” (thin to medium-bedded) and type “D”
(blocky) structures and good— fair conditions of the discontinuities, on the basis of field and photo-
graph inspection (Marinos 2017).

Regarding the calcarenite unit, a lower average GSI (43) was assigned to take into account the weath-
ered surfaces.

The geomorphologic evolution of the cliff is represented by cliff recession through sporadic and lo-
calized instabilities, such as slides, topples, rockfalls and sea cave failures, mainly due to direct wave
action on the Cretaceous limestone, and to strength decay of the calcarenite lithofacies at places
enhanced by uncontrolled urbanization.

Although no landslides have been reported so far, it is evident that episodic failures, probably trig-
gered by violent storms, even if involving small volumes, represent a serious risk for the community,
considering the high frequency of tourists, both the historical center of Polignano a Mare, at the top
of the cliff, and at the seaside at its toe during the summer season.
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5.2.2.  UAV and IRT surveys

UAV surveys were carried out on the study site to support the interpretation of the IRT data taking
advantage of the high-resolution photos and point cloud, to check if the thermal anomalies were
related to the rock mass properties or to disturbance elements. The surveys were performed by
means of a quadcopter platform DJI Inspire 2 equipped with a 20.8 megapixels (5280 x 3956 pixels)
resolution camera and an integrated Global Navigation Satellite System (GNSS). Sixty-eight frontal
photos were taken at 9 m from the rock wall, with side and frontal overlap of 85 and 75%, respec-
tively. The Structure from Motion technique (Westoby et al. 2012; Carrivick et al. 2016; Eltner and
Sofia 2020) was performed using Agisoft Metashape Professional software (Agisoft LLC, St. Peters-
burg, Russia) and following the built-in workflow:

e Photo inspection, importation and conversion of the coordinates into WGS84/33 N metric
coordinate system.

e High-accuracy camera alignment by means of sparse bundle adjustment algorithm (Snavely
et al. 2008).

e High-quality depth maps calculation, generation of the dense point cloud (about 51 million
points) and direct segmentation to remove unwanted objects.

In a second phase, the dense point cloud was aligned on a TLS point cloud previously georeferenced
using a Stonex SlII Differential Global Positioning System (Stonex SRL, Monza, Italy). This step was
necessary because of the impossibility to install enough ground control points during the UAV survey
to correctly georeference the point cloud and avoid doming deformations (Rosnell and Honkavaara
2012; Javernick et al. 2014; James and Robson 2014; Ruggles et al. 2016). The point clouds were split
at couples in more sub-point clouds and independently aligned using the Iterative Closest Points (ICP)
algorithm (Besl and McKay 1992) until reaching a final root mean square Error of 43 mm. The final
point cloud of the area addressed to the IRT surveys is constituted by about 16 million points and a
surface density of 13,391 points/m?, corresponding to a mean point spacing of 9 mm (Figure 5.4).
Thermal data were acquired on the study site for 24 h starting from 21 December 2020 at 17:45
Central European Time (CET) using a FLIR T-660 thermal imager (Teledyne FLIR LLC, Wilsonville, Ore-
gon, USA) mounted on a fixed tripod to ensure immobility of the camera. The FLIR T-660 camera has
5 MP built-in RGB camera and manufacturer-specified temperature measuring range of -40—+150 °C,
measurement accuracy of +1% of T °C, infrared spectral range of 7.5-14.0 um, image resolution of
640 x 480 pixels, field of view (FOV) 25° x 19, and focal length of 25 mm. The thermal sensitivity or
noise equivalent temperature difference (NETD) is the apparent temperature difference between an
object and its environment producing a signal equal to the noise of the system (Gaussorgues 1994).
In other words, the NETD is the smallest temperature difference that can be detected by the thermal
camera, whose value is less than 0.02 °C at 30 °C for the FLIR T-660. Seventy-three thermal images
(thermograms) were acquired with a regular time-interval of 20 min. In addition, three type-K ther-
mocouple sensors were positioned on three different lithofacies to compare and validate the surface
temperatures recorded by the thermal camera. To avoid direct solar radiation on the sensors, the
thermocouples were installed inside small cavities (dissolution voids deep up to 1-2 cm) of the rock
wall (Figure 5.5d). The recorded data are reported in the supplementary materials (Table S5.1).
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Figure 5.4: Final high-resolution point cloud (RGB colors) of the study site obtained by means of UAV-based
SfMand aligned on a georeferenced TLS point cloud (in gray) to avoid doming deformations. The UAV point
cloud has a surface density of 13391 points/m?, corresponding to a mean point spacing of 9 mm.

14.0 °C|

Sp1 = reflective paper

Figure 5.5: Setup of the IRT acquisition. (a) Location of the FLIR T-660 thermal camera and perspective view of
the target; (b) frontal view of the target area and position of the reflective paper (yellow square); (c) zoom of
the investigated area and scanline for the extraction of the thermal and lithologic profile; (d) location of the
thermocouples for the temperature monitoring of the lithofacies; (e) example of measurement of the reflected

temperature using the reflector method.
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To correct the apparent temperatures and derive values close to the real ones, all factors that influ-
ence the results were recorded. Air temperature and relative humidity were measured before each
thermal acquisition by means of a pocketsize digital thermohydrometer (Temperature measurement
range= —-25 + 180 °C, humidity measurement range = 0—-100%). A 35-m distance between the IRT
camera and the target area was measured from point clouds obtained by means of Terrestrial Laser
Scanning and Structure from Motion techniques. An emissivity coefficient equal to 0.92 was assumed
from reference tables (Hudson 1969; FLIR 2014). The reflector method (Hudson 1969; FLIR 2014;
Usamentiaga et al. 2014) was used to measure the reflected temperature by placing an aluminium
foil-covered cardboard at the base of the cliff (Figure 5.5b). Since the aluminium foil is an almost ideal
reflector (emissivity = 0.05), the temperature measured on it (Figure 5.5e) corresponds to the ambi-
ent thermal radiations reflected by the reflector itself.

5.2.3. IRT data processing and correlation with UAV data

After the acquisition phase, the thermograms were processed using the FLIR Tools software (FLIR
Teledyne 2015). In detail, the object emissivity, air temperature, relative humidity, reflected temper-
ature and distance from the cliff were entered as input in the software, which automatically calcu-
lated the real temperatures by subtracting the radiation reflected from the ambient sources and
emitted from the atmosphere to the total radiation received by the thermal imager. Successively, the
range of the colour scale was adjusted for each thermogram to better detect cold and hot thermal
anomalies.

The surface temperatures were extracted from all thermograms along a vertical profile positioned in
a low-disturbed area (to avoid vegetation and anthropogenic elements) by means of a specifically
compiled algorithm. After identifying the most appropriate profile, the developed algorithm auto-
matically extracted, in all the thermograms, the temperature of the pixels crossed by the traced line.
The data were processed in a spreadsheet to determine and plot the recorded temperatures, mini-
mum, maximum, range, mean, median and standard deviation values for each pixel along the profile.
Surface temperatures on the same vertical profile were plotted in a temperature-pixel frame to ob-
tain the time-series with a 4 h sampling interval. In addition, a topographic profile was extracted from
the point cloud along the same section to identify potential thermal anomalies caused by the topog-
raphy of the rock face. The geological strength index (GSI) (Marinos and Hoek 2000; Marinos 2017;
Hoek and Brown 2018) and fracture frequency (i.e., number of fractures per unit length) for each
layer were determined by means of measurements and qualitative observations on the point cloud
and on the high resolution photos acquired by the UAV system. Specifically, the GSI was estimated
by defining the rock mass structure and the discontinuity conditions (i.e., roughness and weathering)
for each layer, while the fracture frequency was calculated through linear scanlines, perpendicular to
the main discontinuity sets, both in the field and from high resolution georeferenced point clouds.
Finally, the plots were aligned to identify correlations among the surface temperatures and topogra-
phy, lithology and degree of fracturing of the layers.
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5.3. Results and discussion

5.3.1. Environmental conditions and rock temperature curves

The use of the pocket-size thermo-hydrometer allowed the definition of the typical daily thermal
cycles of sunny days in winter at Lama Monachile site, as well as the rock mass thermal response
(Figure 5.6). In detail, the air temperature s in the range of 8.5-30.5 °C, with a maximum daily thermal
excursion of 22 °C. The highest and lowest temperatures were recorded at midday and early morning,
respectively. The relative humidity was in the range 39-96%, with a maximum variation of 57% (Fig-
ure 5.6). The rock mass is subjected to heat transfer determined by conduction, air convection and
radiation processes (Robertson 1988). The temperatures of the three lithofacies, directly measured
by means of K-type thermocouple sensors in areas not affected by direct solar radiation, follow the
air temperature curve, although with delay due to the natural low diffusivity of rocks (Figure 5.6). The
heating phase (phase H in Figure 5.6) starts at dawn (7:12 CET): the rock mass heats up by direct solar
radiation until reaching the peak temperature at about 15:30 CET. Later on, a first fast cooling phase
(C1) is determined by the progressive shadowing of the cliff until the sunset (at 16:26 CET), followed
by a slower nocturnal cooling phase (C2). With regards to the thermal behavior of the lithofacies
cropping out, they show very similar temperature curves, especially for the micritic and micritic-dol-
omitic facies. The major difference was detected for the dolomitic facies, darker in color and charac-
terized by a major number of voids, during the peak solar radiation hours (13:30-15:30 CET), when it
reached a temperature 4 °C higher with respect to the other facies. The analyzed curves show that
the heating phase is shorter than the cooling phase and is related to a fast rise of the rock tempera-
ture because of direct solar radiation. These outcomes are in agreement with the results of rock tem-
perature direct (thermocouples) and indirect (IRT) measurements carried out in the Mediterranean
area (Fiorucci et al. 2018).
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Figure 5.6: Air temperature and rock temperature directly measured on the outcropping lithofacies during the
IRT monitoring by means of K-type thermocouples. H: fast heating phase, the rock materials reach the peak
temperature at about 15:30; C1: first cooling phase, the progressive shadowing of the outcrop causes a drop of
the rock temperatures; C2: a slower cooling phase occurs during the night.
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5.3.2. Time series and correlations with rock mass properties

The alignment of the temperature profiles along the reference section with those of the rock mass
properties (e.g., topography, lithology, GSI, and fracture frequency) allowed the detection of some
correlations (Figure 5.7). The disturbance elements such as vegetation and man-made structures
(e.g., walls), which were detected as warm thermal anomalies in the thermograms acquired during
the heating phase (Figure 5.8c), were removed from the temperature profiles. It must be remarked
that, due to the high horizontal and vertical heterogeneity of the rock mass properties in terms of
color, porosity (at the centimetric scale) and jointing degree, very close peaks characterized the tem-
perature profiles, making the correlation phase quite complex. In addition, because of the large-scale
irregularities and of the different local orientation of the slope sectors, the rock mass was not uni-
formly heated during the daytime. For this reason, the extracted temperature profiles along the ref-
erence section, which appeared unclear, were further processed to distinguish the thermal response
of the target during the cooling and the heating phases. It is specified that the clearest correlations
were obtained by analyzing the temperature profiles during the cooling phase (time range between
17:35 of 21 December 2020 and 6:55 of 22 December 2020, Figure 5.7), to avoid the effects of Sun
radiation. The correlations between the surface temperature profiles and the rock mass properties
during the heating phase (time range between 6:55 and15:35 of 22 December 2020) are reported in
the Supplementary Materials (Figure S5.7). The mentioned properties contribute together, in differ-
ent proportions along the reference profile, to the definition of the rock mass thermal response. The
prevalence of one property over the others was marked along the plots illustrated in Figure 5.7 (cool-
ing phase) and validated by comparing the 2-D thermograms:

e Correlation temperature-topography: lower temperatures (minimum, maximum, median,
mean temperature per layer), larger standard deviations and larger difference values were
detected along indented surfaces on the reference section like tight bedding planes, which
were shadowed also during the daytime, and in correspondence of jutting blocks (Figure 5.7,
Figure S5.7—marker “a”). On the contrary, higher temperatures, lower standard deviations
and lower differences were found for the open discontinuities and the hollow sectors below
the jutting blocks, in which the warm air was preserved. However, a jutting block (rectangle
marker in Figures 5.8a and 5.9c) was identified in the form of positive thermal anomaly during
the nighttime. This discrepancy is probably related to the different attitude of the identified
rock block that, being oriented parallel to the direction of the solar radiation, gained more
heat during the daytime with respect to the other sectors of the rock mass.

e Correlation temperature-rock color: darker levels corresponding to the dolomitic facies are
characterized by higher temperatures (minimum, maximum, median, mean temperature per
layer) and lower values of the standard deviation and difference, related to a more constant
distribution of the temperature during the day (e.g., Figure 5.7, Figure S5.7 —marker “b”, Fig-
ure 5.8b).

e Correlation temperature-jointing degree/GSI: higher temperature (minimum, maximum, me-
dian, mean temperature per layer) values were detected on the highly jointed layers (number
of discontinuities/m and karst voids), characterized by lower GSI values (e.g., Figure 5.8a).
However, the interpretation of the standard deviation and difference curves is uncertain: in
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some cases, they show negative peaks (Figure 5.7, marker c1 inside orange layer), while in
others they show oscillating peaks (Figure 5.7, Figure S5.7—marker “c” inside orange layer).
A possible explanation could be related to the discontinuity aperture: the layers represented
by the marker c1 are formed by close joints, while that marked by c2 corresponds to a very
fine laminated layer, with centimetric discontinuity apertures (Calcari a Chiancarelle). More-
over, the vegetation grown in the voids of the Calcari a Chiancarelle unit may have caused
disturbances, too. As a matter of fact, the vegetation disturbed the thermograms acquired
during the daytime and the nighttime, respectively, in the form of warm and cold thermal
anomalies (Figure 5.8c).

The direct proportionality between the air-rock temperature and the fracturing degree of
rock masses, observed through the correlations along the reference profile, is in accordance
with the results proposed in the literature based on the analysis of thermograms (Squarzoni
et al. 2008; Pappalardo and Mineo 2019; Chicco et al. 2019; Mineo et al. 2022).
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Figure 5.7: Composite plot illustrating how the surface rock temperatures detected from the IRT camera along the section during the cooling phase were determined by
the interaction of different factors. The areas covered by vegetation (in gray) were filtered out during the analysis. (a) Lower temperatures and higher temperature
standard deviation and differences were identified in correspondence with the indented surfaces (i.e., layer interfaces and tight discontinuities) and jutting blocks; (b)
darker levels (dolomitic facies, in dark green) show higher temperatures and lower standard deviation and differences with respect to the lighter levels (micritic limestones,
in light green); (c1,c2) higher temperatures are associated to levels with a higher fracture frequency and/or more dissolution voids (low GSI). The standard deviation and
difference values in correspondence of moderately jointed layers were generally detected in the form of negative peaks.
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Figure 5.8: Correlation temperature-rock mass properties on the thermograms and RGB photos; (a) higher tem-
peratures (yellow) detected on jutting blocks (white rectangle) and intensely jointed layers (white dotted line);
(b) higher temperatures identified on darker levels (dolomitic facies); (c) disturbance produced by man-made
structures (walls, white circle) and vegetation (black circle) especially during the daytime acquisitions.

5.3.3. Detection of discontinuities in thermal images

Cooling phase

The discontinuities, voids and hollow zones are visible in the thermograms acquired during the eve-
ning in the form of warmer anomalies (Figure 5.9a,b). As a matter of fact, while the intact rock gets
colder during the cooling phase, warmer air is preserved in the discontinuity system (Mineo et al.
2015a). The best moment to detect the geostructural features is late at night, when neither solar
radiation or artificial lights disturb the acquisition (Figure 5.9c). This is consistent with data reported
in many paperworks (Teza et al. 2012; Mineo et al. 2015a; Pappalardo et al. 2016; Fiorucci et al. 2018;
Pappalardo and Mineo 2019; Chicco et al. 2019; Mineo and Pappalardo 2019), but a discrepancy was

detected with regards to the thermal behavior of jutting blocks. Mineo et al. (2015a) and Pappalardo
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et al. (2016) detected jutting blocks in the form of negative thermal anomalies in thermal images
acquired during the night because of the higher exposure to ventilation. However, a jutting block of
the study site was characterized by higher temperatures in all the thermograms (red rectangle in
Figure 5.9). A possible explanation for this discrepancy is that the described block was more exposed
to the solar radiation during the day because of its different attitude (SW, parallel to the direction of
the sunrays during the peak hours) with respect to the overall aspect of the target area (NS). It is
remarked that the discontinuities belonging to the bedding (SO) detected in the thermal outputs are
clearer than those of the sub-vertical joint sets (J1, J2) because of the larger persistence driving a
greater heat flow (Frodella et al. 2014).

Heating phase

In the early morning, the fractured and voided levels are heated by the solar radiation more quickly
than the intact rock, which has a low thermal diffusivity. Thus, these structures are still visible in the
form of positive thermal anomalies, but their contours are not well defined throughout the thermal
image (Figure 9e). An interesting result of the IRT acquisition at early morning is that the calcarenite
unit, which is in contact with the limestone unit, is not easy to define in the field and on high-resolu-
tion photos because of anthropogenic disturbances and weathered material, can be easily defined in
the thermograms. This is due to the higher porosity and a high connectivity of the pore system, which
allows the lithofacies to get warmer with respect to the other rock materials. Conversely, the Calcare
di Bari Fm. showed a larger thermal inertia, as the warm air difficultly circulated in the pore system
made up of isolated pores. However, moderately-intensely jointed layers in the limestone unit have
temperatures comparable with those of the Calcarenite di Gravina Fm because of the warm air circu-
lating inside the open fractures, which are represented by warm thermal anomalies, in agreement
with the literature (Baron et al. 2012; Gigli et al. 2014; Mineo et al. 2015a, 2022; Pappalardo et al.
2016; Casagli et al. 2017; Pappalardo and Mineo 2019). By analyzing the thermograms of the two
formations of the study site, a discrepancy was found with respect to this aspect. As a matter of fact,
the calcarenite unit generally shows higher temperatures with respect to the less porous limestone
units, also during the nighttime (Figure 5.9a—c), implicating a lower cooling rate. A possible explana-
tion is that the Calcare di Bari Fm., even if less porous, gets colder than the Calcarenite di Gravina Fm.
because the heat is released through the discontinuity systems.

Later on, their identification of jointed and voided levels gets more uncertain because the vegetation,
directly heated by the Sun, becomes much warmer and disturbs the thermal images. In addition,
areas of the rock mass are differently illuminated depending on the daily solar path, until sunrise.
Consequently, protruding sectors of the slope facing the direction of the solar radiation gain more
heat and project their shadows on the indented and inner parts, which are represented by lower
temperatures in the thermograms. These outcomes are in agreement with the results reported by
many authors (Mineo et al. 2015a; Pappalardo et al. 2016; Fiorucci et al. 2018; Pappalardo and Mineo
2019; Loche et al. 2021). For instance, Figure 5.9f illustrates that at 13:55 the sector of the rock mass
with slightly different aspect (dipping SW) are warmer compared to the other zones as an effect of
the solar radiation. In this case, it is not possible to detect discontinuities in the form of positive ano-
malies. This is consistent with data reported in the literature (Mineo et al. 2015a; Pappalardo et al.
2016; Pappalardo and Mineo 2019). When the cooling phase is reached, the detection of discontinui-
ties is again facilitated.
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Figure 5.9: Detection of discontinuities and voids in the thermal images acquired during the 24-h monitoring.
(a—c) Cooling phase: the discontinuities and voids were identified as warmer anomalies, in contrast with the

intact rock which was colder; (d) RGB photo acquired by the thermal imager during the day; (e,f) heating phase:
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the discontinuities and voids gain more heat than the intact rock (low thermal diffusivity), but their contours
are less defined. (e) The more porous calcarenite facies is identified in the form of warm thermal anomaly; (f)
the discontinuities and voids cannot be detected because of the effects of direct solar radiation on the rock
mass.

5.4, Main outcomes and conclusions

With this research, the infrared thermography technique is tested in a coastal area characterized by
a humid mesothermal climate with mild winters and anthropogenic disturbances. The rock mass of
the study area is made up of vertical and lateral hetereogeneous facies, characterized by different
fabric, fracturing conditions, weathering and karst features. The aim of this study was to assess
whether IRT technique in such a complex setting could be of support to the geomechanical charac-
terization of rock masses and if it could provide additional information with respect to other remote
sensing technologies, like laser scanners and drones.

By analyzing the rock temperatures, it was found out that, with a daily thermal excursion of more
than 20 °C, the lithofacies reached values of temperature differences up to 4-8 °C. In addition, as
outlined by Fiorucci and co-workers (Fiorucci et al. 2018), it was observed that the heating phase is
faster than the cooling phase (Figure 5.6) and that it is caused by short and intense solar radiation.
Detailed information on topography, lithology and fracturing conditions can be collected by aligning
longitudinal profiles extracted from the thermograms, topographic profiles and high-resolution pho-
tos of the investigated area.

In addition, despite the low emissivity of the rock mass, the effect of solar radiation at the rock-air
interface allowed the detection of geostructural information from the thermal images at a detailed
scale. As a matter of fact, discontinuities, such as joints and bedding planes, karst voids and more
fractured layers, were identified as positive thermal anomalies in the thermograms acquired at night-
time, since they preserve the heat absorbed during the day.

With regard to the optimal time to acquire the IRT images, it was outlined that that the night time
represents the best conditions, since the detection of discontinuities and voids in the form of warm
thermal anomalies is not affected by disturbances produced by vegetation, diurnal human activities
and parasite radiations produced by the natural lights, in agreement with many researches (Teza et
al. 2012; Frodella et al. 2014; Mineo et al. 2015a, b; Pappalardo et al. 2016; Fiorucci et al. 2018; Pap-
palardo and Mineo 2019; Chicco et al. 2019). Conversely, thermograms obtained during the peak
solar radiation do not allow the identification of weaker zones because the different illumination
conditions give information only on the attitude of the sectors of the rock mass. For this reason, IRT
surveys aimed at the detection of fractured and voided zones are not recommended when the angle
of incidence of the sunrays is high. However, some IRT applications took advantage of the direct solar
radiation to explore the three-dimensionality of rock slopes, to detect protruding or recessed blocks
(Mineo et al. 2015a) and to identify discontinuities facing the Sun direction as low thermal anomalies
(Frodella et al. 2014).

Concerning the limitations of IRT techniques, the logistics and complexity of the examined area rep-
resented the main issue. In detail, considering the high lateral and vertical heterogeneity of the litho-
facies, as well as the presence of thin bedded and intensely jointed layers, success of IRT monitoring
can be achieved only by means of high-resolution thermal images. In other words, if the survey is
aimed at identifying more fractured zones or laminated levels, the pixel size must be smaller than the
fracture spacing or the layer thickness. Nevertheless, the resolution of the thermograms is related to
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the distance between the IRT camera and the target area, which is often constrained to morphology
conditions (Frodella et al. 2014; Grechi et al. 2021). The issues related to the low-detailed thermal
outputs can be solved by using IRT sensors with higher resolution. In addition, time-series plotted to
find correlations between the surface rock temperatures and the rock mass properties along a longi-
tudinal profile are sensitive to the position of the profile itself: when the peaks of the temperature-
pixel curves are very close to each other (i.e., succession of heterogeneous facies), a bad alignment
of the profiles extracted at different times may affect the results. It is thus recommended to ensure
immobility of the thermal imager during the acquisition.

Furthermore, the interpretation of thermograms acquired in complex environments can be challeng-
ing because the resolution of the RGB photos taken by the thermal camera is not always sufficient to
examine small-sized thermal anomalies. In this case, UAV-based Structure from Motion techniques
might be of paramount importance to zoom on the anomaly, locate the thermogram in a broader
area and detect potential correlations with other geostructural features.

This study highlights how infrared thermography can be of support for geostructural analyses in rock
masses, even in areas with mild climate, disturbance elements and characterized by heterogeneous
successions made up of lithofacies with similar emissivity and not always clear contacts, due to dif-
ferent degrees of degradation even at a large scale and with the support of high-resolution photos.
The integration of IRT results with field observations and other remote sensing technologies might
be fundamental for the identification of overhanging sectors of rock masses defined by persistent
and open joints, subjected to major thermal stresses and susceptible to failure over time.
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5.5. Supplementary Materials

Table S5.1: Calibration parameters measured during the acquisition process (21-22 December 2020) for the
correction of the apparent temperatures. The ambient air temperature and relative humidity were measured
by means of a pocket-size digital thermo-hydrometer, and the reflected temperature was calculated using a
reflective target at the base of the cliff to calculate the real temperatures (Hudson 1969; Usamentiaga et al.
2014; FLIR 2021).

Time of  Ambient air Relative hu- Reflected Time of  Ambient air Relative hu- Reflected
thermogram temperature midity % apparent thermogram temperature midity % apparent
acquisition °C temperature acquisition °C temperature

CET °C CET °C
17:45 15 72 13.4 5:45 9.5 96 8.2
18:05 12.5 83 13.1 6:05 9 96 7.7
18:25 12 86 13.7 6:25 8.5 95.5 7.4
18:45 11.5 88 13.4 6:45 8.5 96 6.6
19:05 11.5 89 11.7 7:25 8.5 95.5 6.5
19:25 11.5 90.5 12.4 7:45 9 94.5 8.4
19:45 11 91 11.7 8:05 10 94.5 11
20:05 11 92 13 8:25 11.5 90 11.1
20:25 11 92 12.8 8:45 14 88 8.4
20:45 11 92 12.3 9:05 21 65.5 8.4
21:05 11 92.5 10.7 9:25 20.5 63 8.2
21:25 11 93 9.7 9:45 23.5 54 8.7
21:45 10.5 93.5 10 10:05 26 48.5 8
22:05 10.5 94 10.2 10:25 26 48.5 8.5
22:25 10 94 12.3 10:45 26 48 8.9
22:45 10 94.5 12.1 11:05 24.5 49.5 8.7
23:05 10.5 94.5 11.9 11:25 24.5 50 9.9
23:25 10.5 94.5 12.4 11:45 25.5 48 8.9
23:45 10.5 94 12.6 12:05 29 41 10.3
0:05 10.5 94 9.9 12:25 27 44 9.6
0:25 10 95 11.5 12:45 30.5 39 10.8
0:45 10.5 94.5 12.3 13:05 25 47 11.8
1:05 10.5 94 10.2 13:25 23.5 52.5 11.4
1:25 10 95 8.4 13:45 26.5 47 11.6
1:45 9.5 95 10.7 14:05 25.5 47 13.3
2:05 9.5 95 10.8 14:25 22.5 52 12.9
2:25 9.5 95 10.6 14:45 17.5 64 12.3
2:45 9.5 96 8.9 15:05 16.5 68 11.7
3:05 9.5 95.5 7.6 15:25 15.5 71 11.6
3:25 9.5 95.5 10.2 15:45 14.5 74 11
3:45 9.5 95 10 16:05 14 77 9.5
4:05 10 95 11.7 16:25 13 80 10
4:25 10 95 11.6 16:45 12.5 82.5 10.4
4:45 10.5 94.5 10.9 17:05 12.5 83 10.3
5:05 10 94 7.6 17:25 12 83.5 10
5:25 9.5 95.5 7.5 17:45 11.5 84 10.6
7:05 9 95.5 6.6
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Figure S5.7: Composite plot illustrating how the surface rock temperatures detected from the IRT camera along the section during the heating phase were determined
by the interaction of different factors. It is remarked that the correlations between the air-rock surface temperatures and the rock mass properties are less clear than
those of the cooling phase because of the effects of Sun radiation and irregular surfaces. (a) Lower temperatures and higher temperature standard deviation and diffe-
rences were identified in correspondence of the indented surfaces (i.e., layer interfaces and tight discontinuities). Conversely, open discontinuities and karst voids are
represented by higher temperatures, as the warm air circulates within the discontinuity system; (b) darker levels (dolomitic facies, in dark green) show higher temperatures
and lower standard deviation and differences with respect to the lighter levels (micritic limestones, in light green); (c1, c2) higher temperatures are associated with levels
with a higher fracture frequency and/or more dissolution voids (low GSI). The standard deviation and difference values in correspondence of moderately jointed layers
were generally detected in the form of negative peaks.
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Chapter 6 QDC-2-D: A Semi-Automatic Tool
for 2-D Analysis of Discontinuities for Rock
Mass Characterization

Abstract: Quantitative characterization of discontinuities is fundamental to define the mechanical behavior of
discontinuous rock masses. Several techniques for the semi-automatic and automatic extraction of discontinu-
ities and their properties from raw or processed point clouds have been introduced in the literature to over-
come the limits of conventional field surveys and improve data accuracy. However, most of these techniques
do not allow characterizing flat or sub-vertical outcrops because planar surfaces are difficult to detect within
point clouds in these circumstances, with the drawback of undersampling the data and providing inappropriate
results. In this case, 2-D analysis on the fracture traces are more appropriate. Nevertheless, few methods to
perform quantitative analyses on discontinuities from orthorectified photos are publicly available and do not
provide a complete characterization. The scanline and window sampling strategies were implemented in a dig-
ital environment to characterize rock masses affected by discontinuities perpendicular to the bedding from
trace maps, thus exploiting the potentiality of remote sensing techniques for sub-vertical and low-relief out-
crops. The routine, named QDC-2-D (Quantitative Discontinuity Characterization, 2-D) was compiled in MATLAB
by testing a synthetic dataset and a real case study, from which a high-resolution orthophoto was obtained by
means of Structure from Motion technique. Starting from a trace map, the routine semi-automatically classifies
the discontinuity sets and calculates their mean spacing, frequency, trace length, and persistence. The fracture
network is characterized by means of trace length, intensity, and density estimators. The block volume and
shape are also estimated by adding information on the third dimension. The results of the 2-D analysis agree
with the input used to produce the synthetic dataset and with the data collected in the field by means of con-
ventional geostructural and geomechanical techniques, ensuring the procedure’s reliability. The outcomes of
the analysis were implemented in a Discrete Fracture Network model to evaluate their applicability for gecome-
chanical modeling.

6.1. Introduction

In the last two decades, remote sensing techniques have become widespread and have attracted
many researchers for their application on rock mass investigations. The main goal is to overcome the
limits of the conventional geostructural and geomechanical surveys to characterize rock masses, re-
lated to logistics, limited access, vegetation, adverse weather conditions, and human and instrument
errors (Barton et al. 1974; Franklin et al. 1988; Slob et al. 2005; Slob 2010). In this perspective, ter-
restrial/aerial laser scanning and photogrammetry are widely accepted because of their capability to
acquire high-resolution point clouds in a reasonable time and in safe conditions, with relatively low
costs (Westoby et al. 2012; Tofani et al. 2013; Palma et al. 2017). Great attention has been paid to
discontinuities in 3-D models, given the key role they play in the mechanical behavior of rock masses
and in affecting their stability (Goodman 1976; Priest 1993; Hudson and Harrison 2000; Jaboyedoff
et al. 2009; Kainthola et al. 2015; Cardia et al. 2021). With regards to engineering problems, the re-
sults of slope stability assessments by means of numerical modelling in discontinuous rock masses
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(Lisjak and Grasselli 2014) depend on the reliability of the fracture characterization, which is funda-
mental to elaborate the rock mass conceptual model (Jing and Hudson 2002; Jing 2003).

In the last decades, several methods were introduced in the literature to automatically or semi-auto-
matically extract the discontinuity sets (DSs) affecting rock masses, as well as their properties, from
raw or processed data derived from Light Detection and Ranging (LiDAR) (Fardin et al. 2004; Slob and
Hack 2004; Jaboyedoff et al. 2007; Voge et al. 2013; Mavrouli et al. 2015), Structure from Motion
techniques (Roncella et al. 2005; Voyat et al. 2006; Westoby et al. 2012; Buyer and Schubert 2016,
2017, 2018), or their combination (Sturzenegger and Stead 2009; Lato and Voge 2012). As stated by
Gigli and Casagli (2011), the extraction of the geometrical properties of discontinuities can be
achieved by direct segmentation on point clouds (Voyat et al. 2006; Jaboyedoff et al. 2007; Slob et al.
2007; Ferrero et al. 2009; Gigli and Casagli 2011; Riquelme et al. 2014, 2018; Kong et al. 2021) or by
processing surfaces like Triangulated Irregular Networks (TINs) (Slob et al. 2005; Oppikofer et al. 2011;
Voge et al. 2013; Li et al. 2016). Each technique has its advantages and limits, which are highlighted
by Battulwar (2021) in a detailed review of the different methods for the extraction of discontinuities
and their properties from remote sensing products.

Nevertheless, flat or sub-vertical topographies in low-relief areas or in man-made excavations do not
allow a proper detection of the planar surfaces developed within rock masses from 3-D models, since
only the traces of the discontinuities are visible. As a result, information on mean direction, spacing,
length, and persistence of the discontinuity sets could be misinterpreted and could lead to an im-
proper characterization. In these circumstances, 2-D analyses should be carried out on the traces of
the discontinuities from orthophotos obtained utilizing LiDAR or SfM techniques.

Although methods to perform 2-D analyses on discontinuities were published during the second half
of the last century, it appears that they were not fully revised and implemented into a digital envi-
ronment. As a consequence, the data are usually collected in the field by means of time-consuming,
locally dangerous, conventional geostructural and geomechanical surveys.

Some progress on this topic was achieved by means of commercial software/tools like ShapeMetrix
3-D (3GSM) or DiAna 2-D (Gigli and Casagli 2011) that require a license or are not available to the
public. Concerning the open-source software and freeware, an estimation of the spacing and persis-
tence of sets of discontinuities can be obtained using the Mattercliff software (CREALP) on a photo
by drawing straight lines (not polylines), while the up-to-date FracPaQ2-D (Healy et al. 2017) is a use-
ful tool to determine the strike and lengths of the traces, as well as the fracture intensity and density.
In addition, Martinelli and co-workers proposed a method to characterize Digital Outcrop Models
(DOMs) by means of scan-line and scan-area analyses, which can be used as outcrop analogues to
model reservoirs (Martinelli et al. 2020). This procedure identifies fracture parameters such as length,
strike, intensity, density, and topology and enables localizing damage zones.

It is outstanding that, despite different techniques being introduced in the literature, a procedure for
complete rock mass characterization has not yet been achieved (Lyman et al. 2008; Cai 2011; Tuckey
and Stead 2016; Buyer and Schubert 2018; Elmo et al. 2018, 2021; EImo and Stead 2020).

To this aim, a user-friendly, adjustable, and repeatable MATLAB routine was developed to character-
ize the discontinuity sets and the fracture network of low-relief areas on DOMs by introducing the
well-known formulas of the literature in a digital environment. Starting from an orthophoto, or a file
with digitized traces, the routine calculates the trace orientations (strikes), lengths, spacing, and per-
sistence; defines the fracture intensity and density; and estimates the block volume and shape, al-
lowing the characterization of the investigated area in a few minutes. An innovative feature of the
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MATLAB routine consists of the semi-automatic identification of the discontinuity sets by means of
two methods and the consequent classification of the traces, which can be chosen and validated by
the user.

The routine was built on a synthetic dataset, which was specifically created, and validated on the
orthophoto of a case study generated by applying the SfM on a dataset collected by means of Un-
manned Aerial Vehicle (UAV) systems.

Finally, the results obtained from the case study were used to generate a 3-D geomechanical model
of an adjacent and scarcely accessible sub-vertical rock cliff to assess the potentiality of the 2-D anal-
ysis for engineering problems such as stability analyses. More in detail, a stochastic Discrete Fracture
Network (DFN) method was used to explicitly represent the discontinuity sets of the case study using
the probability distributions of their orientation, spacing, length, and persistence obtained with the
MATLAB routine. The DFN model creation shows how the proposed routine can be used to further
investigate the geomechanical and hydrological behavior of rock masses through more realistic ap-
proaches. Further information on the DFN techniques, commercial codes, and numerical methods
that integrate DFN techniques, which are out of the scope of this research, are reported in specific
review papers (Cacas et al. 1990; Lei et al. 2017).

6.2. Materials and Methods

6.2.1. Study Site

The study area used to validate the routine is located in Polignano a Mare, on the Adriatic side of the
Apulian coast (SE Italy) (Figure 6.1).

Geomorphology of the area is characterized by a series of marine terraces subparallel to the coastline
(Bruno et al. 1995; Dini et al. 2000), gently dipping to NE and linked by small scarps. They are, at
places, carved by water ways locally called lame (Parise 2003): slightly incised in the limestone bed-
rock and flat-bottomed, typically dry, valleys that constitute the main drainage network during ex-
ceptional rainfall events. The mentioned morpho-structures are the result of the superimposition of
the tectonic uplift of the Apulian platform and the absolute sea-level changes, starting from the mid-
dle Pleistocene (Ciaranfi et al. 1988). Platforms and cliffs form the coast up to 20 m high, linked by
embayments constituted by coastal erosion deposits (pocket beaches).

From a geologic standpoint, the site belongs to the eastern part of the Murge plateau, an emerged
block of the Apulian foreland characterized by a 3-km-thick Cretaceous succession related to a wide
carbonate platform, overlain by upper Pliocene to Lower Pleistocene transgressive deposits of shal-
low marine waters (Ricchetti et al. 1988; Tropeano and Sabato 2000). The lithofacies cropping out in
the study area are composed of whitish to greyish limestones and dolostones belonging to the Calcare
di Bari Fm., which are discontinuously overlain by yellowish calcarenites belonging to the Calcarenite
di Gravina Fm. While the latter has a massive structure, the former lithofacies is constituted by thin
to medium bedded layers, crossed by a network of sub-vertical discontinuities and locally folded.
The fracture pattern, together with the marine and karst processes (Sauro; Parise 2011) strongly
modelling this sector of Apulia, contributes to the geomorphologic evolution of the coastal area: de-
tachment niches along the sub-vertical walls of the cliffs and boulders at their base, occasionally vis-
ible below the sea level, indicate local failures of the rock mass, and further potential instabilities
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cannot be excluded. These are among the most frequent geological hazards in coastal karst settings
and are partly favored by the diffuse presence of karst conduits and caves, further weakening the
carbonate rock mass (Parise 2010, 2015c; Gutiérrez 2010; Gutiérrez et al. 2014).

Thus, a geostructural-geomechanical characterization of the site, with particular emphasis on the
identification and characterization of the discontinuity sets and the estimation of the rock block
shape, size, and volume, as well as the failure modes, is crucial for the management of prevention
and mitigation measures at Polignano a Mare, one of the most important touristic sites of Apulia.
The rock mass considered for the 2-D analysis is a 6400-m?, low-relief platform developing from 10
m above the sea level to the current coastline, locally named Pietra Piatta. The choice of this area to
perform the study was dictated by the lack of the Mediterranean vegetation and of anthropogenic
elements as well, considering the disturbance produced by the residential center and by the vegeta-
tive area in nearby sectors. Due to erosional processes, the calcarenite facies crops out only in the
external part of Pietra Piatta; therefore, a detailed view of the fracture traces in the Calcare di Bari
Fm., which is generally covered by the Plio-Pleistocene deposits, is available at the site. In addition,
0.5- to 2-m steps located in the eastern side of the rock mass were found to be essential for the
characterization of the bedding surfaces, which contribute to the formation of potentially unstable
discrete blocks. Further, before implementing the study, field surveys were carried out to ensure that
Pietra Piatta site was representative of the whole study area.
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Figure 6.1: Geographic location of the study area.

6.2.2.  Generation of the Digital Outcrop Model (DOM)

A DOM of the study site was produced by means of Unmanned Aerial Vehicle (UAV) acquisition and
Structure from Motion (SfM) processing techniques. The UAV survey at the study site was carried out
in five steps:

1. flight mission planning;
2. positioning and coordinates’ acquisition of Ground Control Points (GCPs);
3. flight and image collection;
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4. Structure from Motion (SfM) processing and generation of the dense point cloud; and
5. building of the orthomosaic.

To achieve the optimal coverage of the investigated area, an automatic flight mode, with front and
side overlap of 75% and flight altitude of 18 m, was set in the planning phase. The nadir photogram-
metric survey was performed on 12 December 2019, at early morning, in order to avoid sunlight re-
flections from the sea, using a quadcopter platform DJI Inspire 2 equipped with a 20.8-Megapixel
(MP) resolution camera, an integrated satellite positioning system, and a remote flight controller. The
system’s specifications and the details of the survey are summarized in Table 6.1. In addition, three
GCPs were manually positioned on the terrain before the flight such that they could be easily de-
tected on the photos, and their coordinates were acquired by means of a Stonex SllI Differential
Global Positioning System.

Table 6. 1. Details of the UAV system, on-board camera, and photogrammetric survey.

UAYV system
UAV device DJI Inspire 2
Maximum takeoff weight (g) 4250 ¢g
Maximum flight time (min) 27
Gimbal stabilization 3-axis (pitch, roll, yaw)

On-board camera parameters and setting

Camera model Zenmuse X5S
Supported lens DJI MFT 15mm 1.7 ASPH
Sensor CMOS, 4/3”
FOV Effective Pixels: 20.8 MPx
Photo resolution (mm) 72°

Survey details
Flight mode automatic
Ground Sampling distance (cm/pix) 0.41
Coverage area (km?) 0.836
Flight altitude (m) 18
Number of photos 248
Front overlap (%) 75
Side overlap (%) 75
Frame shooting interval (s) 1.5
Ground resolution (mm/pix) 4.71
Number of tie-points 311,321
Number of projections 2,290,325
Reprojection error (pix) 0.541
GCPs XY error (m) 0.010
GCPs Z error (m) 0.001
Total GCPs error (m) 0.010
Orthomosaic pixel size (mm/px) 4.71

The SfM technique was carried out using Agisoft Metashape Professional (Agisoft 2020) to process
the images and obtain a 3-D rock mass model. During the photo importation phase, the software
automatically detected the camera calibration and location parameters (camera focal length,
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coordinates of the image principal point, and lens’ distortion coefficients). The images were georef-
erenced in a WGS84/UTM 33 N metric coordinate system. The three GCPs were semi-automatically
identified on the photos and their position was validated by the operator. Taking into consideration
potential imprecisions in the acquisition of the GPS coordinates from the drone, these GCPs were
used as a constraint to optimize the georeferencing of the model. The Root Mean Square Errors of
the GCPs are reported in Table 6.2.

Table 6.2. Root Mean Square Errors (RMSE) of the Ground Control Points used for the georeferencing optimi-
zation of the model.

GCPID Number of Horizontal Errors Vertical Errors Total Error
Images (cm) (cm)
X Y VA cm pix
GCP1 32 -0.78 -0.03 0.02 0.78 3.065
GCP2 22 1.19 0.74 0.21 1.42 0.744
GCP3 18 —-0.40 -0.71 0.14 0.83 3.374

Successively, the SfM algorithm recognized multiple key points in each picture and matched them in
the overlapping photos. Then, 248/248 photos were aligned with the “high-accuracy” alignment op-
tion and optimized by means of sparse bundle adjustment algorithm (Snavely et al. 2008), while the
key point matches (tie points) were positioned in a 3-D environment, thus obtaining a sparse point
cloud. Later, a Multi-View Stereo (MVS) algorithm was applied to generate a “high-quality” 3-D dense
point cloud (98,375,478 points). The dense point cloud was cleaned of unwanted elements such as
points belonging to the sea water moving on the borders of the model, and objects used to perform
the photogrammetric surveys, by means of segmentation process. The disturbance was removed in
this phase because the creation of masks on the unwanted elements in the preliminary phase of the
SfM processing would have required a large amount of time, considering the high number of photos.
The final step consisted of the generation of a mesh of the model, using the “high-quality” option
available in Agisoft Metashape (9,785,754 faces) and in the extraction of a 2-D orthomosaic from the
mesh, with a 4.71-mm pixel size.

6.2.3. Field Characterization of Discontinuity Sets

Geostructural and geomechanical surveys were performed at Pietra Piatta site on 4 November 2020
to carry out a quantitative analysis of the discontinuities in the Calcare di Bari Fm. Window sampling
strategies were preferred to scanlines to avoid orientation biases, since discontinuities subparallel to
the scanline are difficult to detect (Terzaghi 1965; Priest 1993). A preliminary visual inspection in the
field helped to estimate the main joint sets. It is specified that, since the scope of this chapter is to
carry out 2-D analyses of flat outcrops based on top-view images, the information on bedding sur-
faces (visible along cross-sections) was not included in this study.

Two 100-m2-wide squares were created on the rock mass with a tape, to collect information on the
discontinuities intersecting or contained in the survey window, following specific recommendations
(ISRM 1988). These areas, corresponding to two of the five sectors later analyzed with the MATLAB
routine (sectors A and C in Figure 6.2), were selected for the presence of easily recognizable planar
surfaces. Moreover, for each joint belonging to the analyzed discontinuity set, the strike, spacing,
persistence, opening, and filling were measured by means of a Wilkie-type compass and a measuring
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tape. Roughness and wall strength were estimated using, respectively, a profilometer (Barton Comb)
and a sclerometer (L-type Schmidt hammer). The strike data of the detected discontinuities were
processed using the Dips software (Rocscience 2021) by means of equal-angle stereographic projec-
tions (lower hemisphere) to identify the main DSs and calculate their statistical parameters. Succes-
sively, the geometrical data (i.e., spacing and trace length) collected in the field were processed on
spreadsheets (Figure 6.3).
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Figure 6.2: Sectors investigated by means of field geostructural and geomechanical surveys and traces digitized
in the orthophoto.
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Figure 6.3: Identification of the main discontinuity sets on the field and calculation of the joint spacing and trace
length distributions.
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6.2.4. Manual Mapping of the Fracture Traces

The high-resolution orthophoto (1.25-GB-sized TIF image) produced by means of SfM technique was
imported into a GIS environment by means of QGis open source software, in a WGS 84/UTM 33N
metric coordinate system. After a meticulous visual inspection of the model, five sectors were con-
sidered to be representative of the rock mass; therefore, a vector layer made up of five square win-
dows was created on the orthophoto. Successively, for each sector, the traces of the discontinuities
were manually drawn as polylines keeping the same scale, which was established according to the
resolution of the orthophoto, in order to reduce sampling biases in the different windows. The traces
drawn on each polygon are reported in Table 6.3. The nodes of the polylines were extracted using
the “extract vertices” geometry tool available in QGis, and their coordinates were obtained through
the field calculator in the attribute table. The “clip” vector algorithm (input: layer of the traces, over-
lay layer = square window) allowed the extraction of the traces of each sector, as well as their nodes
coordinates. Finally, the five layers were exported into CSV format and converted to text files with a
spreadsheet.

Table 6.3. Number of traces drawn for each sector of the Pietra Piatta rock mass.

Sector Area (m?) Number of Traces
A 100 1472
B 400 5961
C 100 1018
D 100 818
E 100 1044

6.2.5. Methodological Approach for the Digital 2-D Quantitative Analysis of Disconti-
nuities

The code for the 2-D quantitative analysis of discontinuities was written in MATLAB environment
after a preliminary literature review of the discontinuity properties that must be defined for geostruc-
tural and geomechanical characterization of rock masses and of the methods to define them as well.
According to ISRM (1988), the quantitative description of the discontinuities requires the determina-
tion of their orientation, spacing, persistence, roughness, wall strength, aperture, filling, and seepage,
as well as the number of discontinuity sets and the block size. In this study, focus was given to the
determination of the geometrical properties and on the number of discontinuity sets from orthopho-
tos, derived from remote sensing techniques by implementing the methods presented in the litera-
ture in a digital environment. The parameters taken into account to perform the 2-D analysis, the
methods, and the source publications of the formulas are summarized in Table 6.4.
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Table 6.4. Properties defined by the developed routine, applied methods, and relevant references.

Property Orienta- Normal Fre- Persis- Trace Intensity = Density Block Block
tion Spacing quency tence Length Estimator Estimator Volume Shape
Estimator P21 P20
Method H|stogr.am . Window . . From joint sets’
Rose dia- Scanline e Circular window Sering
gram
Refer- (Priest 1993) (Pahl (Dershowitz and Herda 1992;  (Palmstrgm 1996a;
ence 1981) Mauldon et al. 2001) Palmstrgm 2001)

A synthetic dataset was created to gradually build the code. Three discontinuity sets (consisting of
about 300 traces, in order to achieve statistical stability) were generated with strike and length fol-
lowing a normal distribution and a negative exponential law, respectively. The details of the synthetic
dataset are illustrated in Figure 6.4. Successively, the 2-D quantitative analysis was performed on the
trace map (more than 1000 traces in sector C) of the case study and validated by comparing the
results of the conventional geostructural and geomechanical surveys. To this aim, 50 discontinuities
measured in the field in the same area were reported in Dips software (Rocscience 2021) and classi-
fied into two main joint sets by means of stereographic projections (lower hemisphere). For each
discontinuity set, the measurements of the spacings and trace lengths were elaborated in a spread-
sheet to derive their mean values (Figure 6.3).

To test the potentiality of the 2-D analysis for geological modelling, a Discrete Fracture Network
model was generated on a 20-m-high cliff located at Lama Monachile site, about 90 m east from the
study site. The top of the rock cliff is not visible because of the presence of the Calcarenite di Gravina
Fm. and the overlying buildings. For this reason, the fracture pattern of the Calcare di Bari Fm. ana-
lyzed at Pietra Piatta site was used as an analogue model to generate the fracture sets by means of
the FracMan software (Golder Associates 2018), after validation in the field of its representativeness
for the cliff. The volume (grid) was generated from the top and bottom surfaces of the mesh of the
rock mass using a stochastic distribution of the bedding surfaces, which was determined from meas-
urements on a vertical scanline on the point cloud and validated on the field. Successively, for each
discontinuity set, the mean strike, standard deviation, minimum, maximum, mean spacing, and trace
length derived from the MATLAB routine were used to generate the fractures in the DFN model.

Name Number of Orientation Trace length
joints (normal distribution) (negative
exponential)
Mean Standard Mean (m)
e deviation °
J1 100 75 10 2.0
12 80 100 7 1.0
13 125 120 5 0.8

Figure 6.4: To the left, table illustrating the experimental dataset used to create the routine; to the right, graph-
ical representation of the three joint sets.
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6.2.6.  Workflow of the MATLAB Routine

The MATLAB routine performs the 2-D quantitative analysis on orthophotos by combining digital
scanline and areal sampling methods. In detail, rectangular/square windows (Pahl 1981; Priest 1993)
are applied to identify the main discontinuity sets according to the orientation of the discontinuities,
and to estimate their trace length and persistence as well. Circular windows (Mauldon et al. 2001;
Rohrbaugh et al. 2002) are performed to characterize the fracture network by identifying the mean
trace length, intensity, and density estimators of the whole dataset. Areal sampling is preferred to
scanlines to avoid sampling inaccuracies such as orientation and length biases. In particular, orienta-
tion bias consists of the underestimation of the intensity of discontinuities, which are not perpendic-
ular to a scanline (Terzaghi 1965; Priest 1993; Mauldon and Mauldon 1997), and length bias refers to
the undersampling of short discontinuities with respect to the longer ones (Baecher and Lanney 1978;
Einstein and Baecher 1983; La Pointe et al. 1985). Since areal measures allow analyzing larger areas
than scanlines (Watkins et al. 2015), curtailment bias caused by the loss of information of discontinu-
ities extending beyond the sampling windows (Priest 1993) is also reduced. However, scanlines are
indispensable to define 1D properties, such as normal spacing and fracture frequency of the discon-
tinuity sets (Priest and Hudson 1981; Priest 1993).

Aimed at creating a tool for a 2-D quantitative analysis of discontinuities, available to the scientific
community and easily reproducible on different case studies, the MATLAB routines are accessible
through an editable template (Figure 6.7).

The 2-D quantitative analysis is achieved in four steps (Figure 6.6):

graphical representation of the discontinuities;
semi-automatic classification of the discontinuity sets;
characterization of one discontinuity set; and

AW N e

characterization of the fracture network.

The routine reads the first line of the template, in which the “STEP” command is defined. This allows
performing the analyses described in Sections 2.6.1 and 2.6.2, by simply adding 1, 2, 3, or 4 next to
“STEP”. Precise instructions for the users are in the help and instruction files (Supplementary Mate-
rial).
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Figure 6.5: Step 1: workflow of the MATLAB routine developed for the 2-D analysis of the discontinuities.
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MAIN INTERFACE
main.m TEMPLATE.txt help.txt +
1- sl
2=
3
4
5
3
7
8 )
9
10
11
12 % tem 1
18 — template.fullpath = 'C: e SK A E PC 3\Deskt [ RISK\jointAnalyse cleaned\TEMPLATE.txt';
14 template.file 2
15 EDITABLE TEMPLATE
1€ % Read template file mainm TEMPLATE txt help.txt +
17 - fid = fopen(template. 1 sSTEPR;1
18-  joint = 1; 2 METHOD;plot
19=  template.SYNTHETIC = ( 3 1xpyr;c:\Users\RISK ASPIRE_PC_3\Desktop\RISK\jointAnalyse cleaned\newl.txt
20~ e ~feof (fid) 4 THETA;
oY= line=sscanf(fget] 5 gcarg;
22~ line = split(lind ¢ ouTPUT;C:\Users\charl\OneDrive\Bureau\test.txt
23 7 COVER;
24 - switch line{1} 8 JOINT;
25— -ase 'SYNTHEY g  goInT;
26 - templatelip  JoInt;
27 - case ' 11 CIRCLES;
< 12 TABLE;
Command Window
“  INSTRUCTIONS
main.m TEMPLATE.txt help.txt +
] —————= HELP -----
2 STEP;1 —----—- Create joints
3 METHOD;draw = =  =—=====- Draw joints on an image
4 --INPUT
5 --OUTPUT
3 --SCALE
7 METHOD; synthetic = ------- Create synthetic joints
8 --TABLE
9 --OUTPUT
Lo METHOD;plot =  ——————- Plot joints
pi --INPUT
2 ———==———-
3 STEP;2 —==—===- Classify joints
[L4 METHOD;hough = =—-===--- Classify with Hough method
ns METHOD;histo @ = —==—=—- Classify based on histograms
L R
p7 STEP;3 =  —=—==—- Analyse 1 jointset
L8 METHOD;hough = ======= Spacing computed with Hough frame
Lo --INPUT
o METHOD;linear =~ = ======- Spacing computed with linear scanline
p1 --INPUT
P2 --NORTH (opt)
L3 METHOD;parallelLinear ------- Spacing computed withseveral parallel linear scanlines
= --INPUT
s --NORTH (opt)
pe METHOD;persistence  ------- Compute persistence
R7 --INPUT
bs --COVER (opt)
ICommand Window
IIx >>

Figure 6.6: Main interface of the MATLAB routine, editable template containing all the information necessary
to run the analyses and help file with the instructions.

6.2.6.1. Characterization of the Discontinuity Sets

Orientation

This property is commonly expressed in terms of dip (maximum inclination of a discontinuity to the
horizontal) and dip direction (direction of the horizontal trace of the line of dip, measured clockwise
from north). However, since this study dealt with discontinuity traces mapped on an orthophoto, the
orientation was given by their strike (trace of the intersection of an inclined plane with a horizontal
reference plane).
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Two methods are used to identify and classify the discontinuity sets according to the orientation of
the traces.

e Method 1: fitting of the composite Gaussian curve

The orientations of the polylines are calculated from the strike of their segments and weighted ac-
cording to their lengths by means of a square/rectangular window applied on the selected dataset.
The number of discontinuity sets is identified by means of an innovative method, which semi-auto-
matically plots the strike distribution of the traces on an appositely developed Graphic User Interface
(GUI) (Figure 6.7). The MATLAB routine automatically extracts the distribution of each discontinuity
set, with peaks corresponding to their mean strike. Three sliders allow adapting the strike distribu-
tions of each discontinuity set by interactively changing their mean, standard deviation, and ampli-
tude. A line parallel to the x axis is used to filter out the “noise”, derived from random discontinuities,
which might be present in traces from real rock masses. After the manual adjustment of the curves,
an optimization algorithm is run so that the sum of the curves and noise fits the raw orientation
histogram curve. In detail, the best solution to fit the synthetic curve on the original curve is obtained
by minimizing the differences between the curve of the real data and the experimental composite
curve by means of the fminunc (Find minimum of unconstrained multivariable) algorithm, which is
based on the BFGS Quasi-Newton method (Fletcher 1970; Broyden 1970; Goldfarb 1970; Shanno
1970):

Raw _histogram _orientation - (} histo_orientation; + noise) = 0 Eq. 6.1

where the two terms are the orientation histogram of the dataset and the sum of the experimental
curves, respectively.

Successively, the MATLAB routine calculates the intersections between each normal curve, corre-
sponding to the limits of the orientation of each joint set, to classify them. Therefore, for each DS, a
file with the coordinates of the polylines’ nodes is created.
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Figure 6.7: Step 1: Optimization process for the semi-automatic identification of the discontinuity sets forming
the synthetic dataset by means of Gaussian composite curve fitting. The classification limits for each disconti-
nuity set are represented by the black lines. The red and orange lines represent the smoothed curve and the
estimation of the three joint sets, respectively; the purple, green, and blue curve represent J1, J2, and J3, re-
spectively.
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e Method 2: Hough transform

A second method to classify the discontinuity sets is based on the Hough transform, a technique in-
troduced by Hough (1962) for machine analysis of bubble chamber photographs and later extended
and adapted to image analysis and computer vision to detect shapes such as lines, circles, and ellipses
in images (Rosenfeld 1969; Duda and Hart 1972; Leavers 1993; Mukhopadhyay and Chaudhuri 2015).
Based on the Hough transform method, the MATLAB routine converts each joint in a new frame with
the x and y axes corresponding to the orientation (8) and distance from the origin (r) of each polyline,
respectively (Figure 6.8). In this new frame, each joint is defined by a point, and joints with similar
orientation are aligned on the vertical axis, allowing the identification of the main discontinuity sets
(Figure 6.9).

Figure 6.8: Conversion of discontinuity traces in the Hough frame. (a) representation of two discontinuity traces
in the Cartesian reference frame, where r is the distance from the origin and 6 is the angle orthogonal to the
strike; (b) conversion into the Hough frame (8,r): the lines are converted into points. The main discontinuity
sets can be identified as points aligned on the r axis.
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Figure 6.9: Application of the Hough transform for the classification into discontinuity sets.

Spacing
The normal spacing of the discontinuity set (i.e., distance between two adjacent discontinuities be-
longing to the same set measured along a sampling line orthogonal to the mean direction of the set)
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can be calculated with two different methods according to their persistence. In a 2-D analysis, the
discontinuity persistence, which is the areal extent or size of a discontinuity within a plane, can be
expressed as the limit length ratio along a given line on a joint plane (Einstein et al. 1983):

I,
K= li E -l
dm 2T Eq. 6.2
1

where L; is the length of a straight line segment S and I, is the length of the i-th joint segment in S.
In other words, persistent joints are represented by continuous traces, while non-persistent joints
are formed by more segments separated by rock bridges.

e Spacing for non-persistent joints

After importing the file of one DS, the scanline method is applied to derive the normal spacing and
frequency, with the assumption of non-persistent discontinuities. One or more scanlines can be plot-
ted according to the user’s setting. Specifically, one linear scanline can be automatically plotted in
the middle of the frame orthogonal to the mean strike of the discontinuity set. To find the best scan-
line, the routine plots several randomly oriented scanlines and selects the one intersecting the high-
est number of joints. Alternatively, the user can pick the two endpoints or pick one endpoint and set
the mean strike of the scanline directly on the trace map. In addition, a series of scanlines parallel to
the reference one can be traced, with the possibility to choose the number of samples and the Ax—
Ay interval. Considering the spatial variation of the strike of the traces, even if belonging to the same
discontinuity set, Terzaghi’s correction (1965) is applied to each line intersecting the scanline to avoid

orientation bias:
S
§ = —2PP Eq.6.3
sin ©

where S, Sapp, and O are the corrected spacing, apparent spacing, and the minimum angle between
the scanline and the mean strike of the discontinuity set. After the calculation of the apparent (not
corrected) and normal spacings, the histogram and cumulative distributions of the spacings are plot-
ted on the interface.

The normal spacing is then calculated as the mean distance of the intersections between the scanline
and the traces (Figures 6.10 and 6.11). The mean fracture frequency is obtained as the inverse of the
mean normal spacing.

joint joint joint

SCANLINE

51

52

Figure 6.10: Normal set spacing calculated along a scanline (red) perpendicular to the mean direction of the
joint set (black) (modified after Slob 2010).
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e Spacing for persistent joints

The Hough transform method is applied to calculate the spacing of persistent joints, assuming infinite
lengths (Figure 6.8). For each two adjacent joints, the spacing is calculated as the mean difference
along the r axis. In the Cartesian frame, the mean spacing is given by:

Sz+sl - [rz -Irq COS(ez—el)]+ [rz COS(SZ—Gl)—rl] Eq 6 4
2 2

where S; and S; are the orthogonal distances between adjacent traces and 6, and 0 are the angles

S =

between the joints and the scanline.
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Figure 6.11: Step 3: linear scanline on JS3. (a) automatic generation of a linear scanline (black, dotted line)
perpendicular to the mean strike of the discontinuity set; the discontinuities and their intersections with the
scanline are, respectively, represented by the blue lines and the red crosses; (b) rose diagram of the JS; (c) table
of the calculated parameters; (d) histograms of the calculated parameters; (e) cumulative distributions of the

calculated parameters.

Trace Length
The mean trace length of the discontinuity set is obtained by calculating the mean length of the pol-

ylines in the dataset. In addition, the histogram and cumulative frequency of the trace lengths are
plotted on the interface.

Persistence
The method proposed by Pahl (1981) is used to estimate the persistence of the discontinuity set by

plotting a rectangular window on the trace map. The percentage of coverage area can be chosen by
the user or drawn on the trace map. The discontinuities transecting the window n; (two intersections
between the polyline and the window), contained in the window (no) (both endpoints are located in
the window), and the total discontinuities (nt) are automatically counted, so that the mean persis-

tence is calculated as:
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wh Neot+Nz—MNg

W= Eq. 6.5

wcosP+hsSind Ngpr—nyz+ng
where w and h are, respectively, the length and height of the window and @ is the acute angle be-
tween the mean strike of the discontinuity set and the height of the window (Figure 6.12). The per-
sistence is calculated in two steps:

1. overthe entire dataset (Figure 6.13 a);
2. by dividing the dataset with a grid and calculating the persistence for each element of the
grid (Figure 6.13 b,c).

The results of both methods are provided by the routine.

Figure 6.12: Method for persistence calculation (modified after Jaboyedoff et al. 1996).

6.2.6.2. Characterization of the Fracture Network

Intensity, Density, and Trace Length Estimators

Information on the fracture network is collected through the method proposed by Mauldon and Der-
showitz (2000) by means of circular window sampling. A grid of circles is plotted on the polylines to
compute the mean trace length P;3, the intensity P,1, and the density P, estimators:

- 0 z
P11=¥%P21=%P20‘ L= Eq. 6.6

Tomyy2

where 71 is the mean number of intersections between the polylines and the circles and m and m are
the total and mean number of endpoints of the polylines contained in the circles, respectively. The
radii of the circles are automatically determined according to the number of circles covering the sam-
pling area, which can be set by the user in the main interface of the routine. This method works if at
least 2 circles are selected (i.e. not all the endpoints are located inside the circles).

Additionally, a persistence map can be plotted, with each pixel representing the persistence calcu-
lated in one circle.

Block Volume and Shape

Formulas illustrated by Palmstrgm (1996a,2001) are used to derive the block volume Vg, volumetric
joint count J,, and block shape factor B of the blocks delimited by discontinuities. As stated by Palm-
stregm, rock blocks are formed from the intersection of at least three discontinuity sets with different
directions. Since rock volumes cannot be determined by means of 2-D analyses from plan views, a
third dimension is needed to apply this procedure. If only two joint sets are detected on the trace
map, the third dimension can be represented by the bedding. If the rock mass is characterized by
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more than three discontinuity sets, a rough estimation of the volumes can be achieved by considering
the prevailing ones.

The block volume can be estimated from the mean spacings of the discontinuity sets:
515253 515253
VB = =

Eq. 6.7

siny, siny, siny; siny;
where S1, S2, S3 are the mean spacings of the three discontinuity sets delimiting the rock volume,
and y1, y2, y3 are the angles between the discontinuity sets. Since the method is applied to joint sets
perpendicular to the strata (y1=y2=90°), only the angle between the two joint sets (y3) is taken into
account.
For rock masses characterized by only one or two discontinuity sets, rock blocks can be formed when
additional random joints cross the volume. In this case, the equivalent block volume can be calculated
as:

Vs =~ 50 S13for only one joint set with mean spacing S1 Eq. 6.8

Ve = 5 S1S2 for two joint sets with mean spacing S1 and S2 Eq. 6.9

The volumetric joint count is calculated as the number of joints per unit volume:
Jy = 21 Eq. 6.10
S
where S; is the mean spacing of the i-th discontinuity set. The third dimension is needed to estimate
.
The parameters a, (medium spacing/smallest spacing) and as (largest spacing/smallest spacing) are
automatically calculated to determine the block shape factor B and to plot it on the chart shown by

Palmstrgm (1996a) in order to classify the block shape:

_ (ag + apaz + a3)?

B Eq. 6.11

0y 032

6.3. Results

6.3.1.  Results of the Synthetic Dataset

The synthetic dataset was classified into three discontinuity sets by means of the Hough Transform
and composite Gaussian curve fitting (Tables 5 and 6).

Table 6.5. Main parameters for the generation of the synthetic dataset and classification of the joint sets by
means of Gaussian composite curve fitting.

Synthetic Dataset Results of the Classification-Gaussian Fitting

Name Mean Strike St. Deviation N.oflJoints Name Mean Strike St. Deviation = Amplitude
J1 75° 10° 100 J1 71° 6° 136
J2 100° 7° 80 J2 96° 8° 207
J3 120° 5° 125 J3 118° 5° 242
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Table 6.6. Results of the classification of the joint sets by means of Hough transform method.

Results of the Classification-Hough Transform

Name Mean Strike Minimum Strike Maximum Strike
11 63° 53° 73°
12 86° 44° 98°
13 120° 112° 128°

Figures 6.11 and 6.13 illustrate, respectively, the results of the scanline and rectangular window sam-
pling on the discontinuity set JS3 to calculate the mean orientation, normal spacing, trace length, and
persistence.

The mean intensity, density, and trace length estimators of the synthetic dataset, calculated by means
of circular windows, are 177.15 m™, 25.38 m™, and 1.14 m, respectively. A graphical representation
of the results is given by means of intensity and density maps (Figure 6.14).

The block volume, volumetric joint count, and shape factor were calculated as 0.01 m?3, 33.81 m™,
and 40.58, according to the mean strike and normal set spacings. Moderately flat blocks were identi-

fied on the diagram in Figure 6.15.

Calculated parameters
Mean strike 119°
Tot. joints within 102
Joints contained in the window 17
Joints transecting the window 33
Mean persistence 1.62m

Figure 6.12: Step 3: persistence calculation for JS3. (a) persistence calculated over a rectangular window (col-
ored in red). The intersection between the traces (blue) and the window are represented by the green circles;
(b) persistence calculated for each element of the grid in which the window was subdivided; (c) results of the

persistence calculation for the rectangular window.
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Intensity map c

Calculated parameters

Mean intensity estimator 177.15 m?

Mean density estimator 25.38 m2

Mean trace length estimator | 1.14 m

Mean/st. dev. intensity 115.37/14.90 m*

Mean/st. dev. density 5.97/7.81 m?2

Figure 6.13: Step 4: generation of circular windows for the calculation of mean intensity, density, and trace
length estimators of the whole dataset. (a) graphical representation of the circular windows, where the extrem-
ities of the traces transecting the circles are represented in green, and the traces intersecting the window (one
intersection) are marked by the red circles. (b) Table of the calculated parameters; (c) intensity and (d) density

maps of the dataset.
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Figure 6.14: Step 4: semi-automatic estimation of block shape and volume of the experimental dataset (modi-
fied after Palmstrgm 1996 a).
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6.3.2. Application to the Case Study

The results of the mean strike, spacing, trace lengths, and persistence, both for the MATLAB routine
and field surveys, are shown in Figures 6.16 and 6.17. Three scanlines at different positions were
traced on both the trace maps of JS1 and JS2 to investigate the effect of scanline positions on the
estimation of the normal set spacing (Figure 6.18), as well as the fracture density and intensity maps
(Figure 6.19). A sensitivity analysis was performed to estimate the effects of the sample size and
number of circles to calculate the persistence, trace length intensity, trace intensity, and trace density
(Figure 6.20). An equivalent block volume, equal to 0.03 m3, was obtained from the spacings of the
two main discontinuity sets and the mean layer thickness (SO, calculated on exposed sub-vertical sur-
faces in the point cloud of the rock mass), using Equation (6.7). The reported volumetric joint count
is 9.94 m™, while the block shape factor (B = 28.98) corresponds to a compact, slightly flat block
shape, in agreement with field observations. The results of the MATLAB routine are reported in Table
6.7.

Moreover, the routine was applied on the trace maps of sectors A, B, D, and E to identify potential
differences in the number of discontinuity sets, as well as their mean strikes. Figure 6.20 shows the
differences between the mean joint sets detected in sector C and sector B.

The statistics of strike, spacing, and trace length of the joint sets extracted from the MATLAB routine
(Figure 6.22) were used to generate a realistic Discrete Fracture Network model of the Calcare di Bari
Fm along the cliff located at Lama Monachile site.

The data obtained from sector C were considered to be representative for the cliff after validation in
the field (Figure 6.2). It is remarked that, since this chapter deals with 2-D analyses from data col-
lected from orthophotos, the DFN model includes only the sub-vertical joint sets characterized by
means of the MATLAB routine. A more advanced and realistic DFN model, which is out of the scope
of this chapter, can be generated by integrating the results reported above with data collected on the
field or on point clouds, especially concerning the bedding surfaces.
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Figure 6.15: Results of the semi-automatic classification of the traces into joint sets (a) and of the data obtained
from on-site geostructural and geomechanical surveys (b).
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Figure 6.16: Results of the linear scanline and persistence methods. (a) Graphical representation of the scanline
generated perpendicularly to J1; (b) graphical representation of the rectangular window generated for the cal-
culation of the persistence of J2; (c) table of the parameters calculated with the MATLAB routine for J1 and J2;
(d) table of the parameters measured in the field by means of conventional geostructural and geomechanical
surveys.
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Figure 6.17: Normal set spacings calculated with different scanline locations.
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Figure 6.18: Evaluation of the jointing degree of the study area. (a) Graphical representation of the circular
windows’ method; (b) resuming table of the calculated mean intensity, density, and trace length estimators
and block volume; (c) intensity and density maps of the analyzed area.
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Table 6.7. Characterization of the discontinuity sets and of the jointed area with the MATLAB routine.

Characterization of Discontinuity Sets

Identified DS Strike Normal Mean Trace Mean
Mean Strike St. Dev. (°) Amplitude Spacing (m)  Length (m) Persistence
() (m)
i 34 12 733 0.41 0.20 0.22
J2 124 5 740 0.24 0.55 2.49

Characterization of the Joint Network
Intensity Density Trace Length Volumetric Block Volume Block Shape Block Shape

Estimator = Estimator Estimator (m) Joint Count Ve (m?3) Factor
P21 (m™) P20 (M) Jv(m™) B
3.54 9.83 0.36 9.94 0.06 28.98 compact
SECTOR B SECTOR C
Orientations histogram Orientations histogram
330 0 500 30 330 - 30

400 200
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180 180

Figure 6.20. Rose plot of sector B (left) and sector C (right).
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Figure 6.21: Histograms and cumulative frequencies of the spacing (a—d) and trace length (e—h) of the main
joint sets for the generation of the Discrete Fracture Network Model.
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Figure 6.22: (a) DFN model created with the software FracMan for a sector of the rock cliff at Lama Monachile
site, located at a distance of about 90 m from the study area. The fracture generation was limited to the Calcare
di Bari Fm., which was the object of a specific geostructural survey. (b) Top view of the discontinuities generated
in the DFN model of the Calcare di Bari Fm. at Lama Monachile site. The joint sets were generated using the
results of the quantitative analysis of the discontinuities carried out at Pietra Piatta site. J1 and J2 are, respec-
tively, colored in magenta and green.

6.4. Discussion

With regards to the synthetic dataset, the Gaussian fitting method recognized 3/3 discontinuity sets,
with a difference of 2° for the strike of each discontinuity set and up to 1° for the standard deviation
(Figure 6.7). On the contrary, some difficulties were found for the classification by means of the
Hough transform method, because discontinuities with too similar orientations create unprecise clus-
ters in the theta-r diagram (Figure 6.9). It was found out that the histogram fitting method for classi-
fication is reliable for a high number of traces (at least 50), since it is based on statistic procedures,
regardless of the orientations of the discontinuity sets. The Hough transform method is recom-
mended for lower numbers of discontinuities, provided that the mean strikes of the sets are not too
close (Figure 6.23).
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Figure 6.23: Correct classification by means of the Hough transform for three synthetic discontinuity sets with
not too close orientations. The mean strike used for generating the synthetic dataset were 10°, 60°, and 140°.
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Based on these observations, the traces of the study site were processed with the Gaussian fitting
method and achieved good results with respect to the geostructural-geomechanical analysis carried
out on the study site. The mean strikes of the discontinuity sets J1 and J2 obtained from the MATLAB
routine were 34° and 124°. These results were in agreement with the data collected by means of field
surveys (32° and 123° for J1 and J2, respectively). The same standard deviation value of the strike of
J2 was found both for the MATLAB routine and for the on-site surveys, while a difference of about 4°
was detected for J1. The standard deviations differed 4.2° for J1 and 0° for J2. This difference can be
related to a major dispersion of the poles of the discontinuities, which was not detected in the field
because of the lower number of sampled discontinuities (50).

With regards to the spacing estimations, the mean values were 6 cm (J1) and 2 cm (J2), higher than
the data measured in the field. Several tests were carried out in order to obtain results in agreement
with the field observations because the calculated mean spacing can vary significantly with the posi-
tion and strike of the scanline (Figure 6.18). In this perspective, it must be remarked that it is funda-
mental to use a proper dataset as input: unmapped traces in the orthophoto or objects/vegetation
covering the joints could determine fewer intersections between the traces and the scanline, leading
to an overestimation of the spacing. In addition, the possibility to apply linear samples in different
locations of the dataset may help to understand the spatial variability of the calculated parameter,
to identify potential changes of the stress field, or to detect sectors with different geomechanical
behavior.

It is remarkable that, in agreement with field observations, both the spacing and trace lengths of J1
and J2 followed an exponential negative distribution, indicated by very good R-Squared values (in the
range of 0.91-0.98, Figure 6.22), as found by many authors (Priest and Hudson 1976; Baecher and
Lanney 1978; Wallis and King 1980; Priest 1993) for a variety of rock masses.

A difference of 0.5 m was found in the estimation of the mean persistence of J2. It is believed that
this difference is attributable to the different sampling methods for its estimation. Indeed, the per-
sistence of discontinuities is one of the most difficult parameters to estimate in the field (ISRM 1988)
and, during the conventional geostructural surveys, this property was roughly approximated from the
trace lengths, according to Priest (1993). However, this approach can lead to size and censoring bias
(Cruden 1977; Priest and Hudson 1981), thus undersampling smaller discontinuities and censoring
surfaces, which extend beyond the sampling area. Indeed, since the traces belonging to J1 were not
truncated or censored because both the majority of their terminations fell within the area sampled
in the field, no difference was found with respect to the results of the MATLAB routine. Based on
these observations, it is believed that the results of the MATLAB routine are more reliable because
the estimation of the persistence by means of Pahl’s method (1981) takes into account the number
of discontinuities transecting and contained in the sampling window, thus avoiding censoring bias.
However, care should be taken when choosing the size of the coverage area. As pointed out by Priest
(1993), this method is not suitable when all the discontinuities transect the window (the persistence
would be infinite) and when no discontinuities are contained in the window (the persistence would
be zero). For this reason, the sampling window should be chosen so that at least one trace is located
inside it. In addition, it was observed how the persistence varied with different dimensions of the
sampling area (Figure 6.20a): Although two datasets are not enough to identify potential mathemat-
ical relations, it is evident that significantly different results were obtained by changing the area cov-
ered by the sampling window, especially for long traces (e.g., J2 curve in Figure 6.20a). As a matter of
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fact, Priest and Hudson (1981) observed that persistence can vary up to more than 50% of the real
value by changing the rectangular sampling window location and size.

The additional parameters calculated from the routine such as mean intensity, density, and trace
length estimators give useful information for the identification of more fractured zones, represented
by the yellow pixels in Figure 6.19c. Moreover, the fracture abundance of one discontinuity set con-
stituted by non-parallel, subparallel, or non-persistent traces can be expressed by means of fracture
intensity (Mauldon et al. 2001). In fact, the estimation of fracture abundance for non-parallel traces
by means of spacing is rather unclear because the distance is not unique. With regards to the length,
intensity, and density estimators, sensitivity analyses pointed out that more accurate results can be
achieved by choosing about 6-8 circles: A minor number would give unreliable results, while a larger
number could cause unnecessary long computational times (Figures 6.12 b,d).

Concerning the block volume, this method relies on the assumption that the blocks are determined
by the totally persistent discontinuities; therefore, the block volume could be underestimated. More
precise results can be obtained directly from measurements on 3-D point clouds, with respect to 2-D
analyses.

The script for the semi-automatic identification of discontinuity sets can be used in different zones of
an orthophoto to identify potential deformation zones or changes of the stress field. Figure 6.21 de-
picts a shear deformation zone in sector B detected from two additional joint sets (with mean strikes
N-S and E-W) and higher standard deviations of the strike of J1 and J2 with respect to sector C, which
are the result of non-linear shear structures.

The presented approach helps to calculate the geometrical parameters of the discontinuity sets af-
fecting a rock mass in a less time-consuming, more precise, and safer manner compared to the con-
ventional geostructural and geomechanical surveys. However, a complete characterization of rock
masses also requires information on roughness, wall strength, aperture, filling, and seepage of the
discontinuities that cannot be estimated from 2-D analyses. The determination of wall strength, na-
ture of filling, and seepage requires direct measurements at the site, while only centimetric apertures
could be measured on high-resolution remote sensing products (Gigli and Casagli 2011). In addition,
recent advances in the literature proposed methods to determine the roughness/undulation of dis-
continuities from point clouds (Gigli and Casagli 2011; Oppikofer et al. 2011; Tatone and Grasselli
2013; Li et al. 2019).

In this perspective, the MATLAB routine can contribute to identify the main discontinuity sets from
discontinuity traces in low-relief rock masses characterized by discontinuities perpendicular to the
strata and combined with point clouds, to localize accessible and representative surfaces in order to
measure the non-geometrical properties, as well as to collect information not visible from 2-D images,
by means of conventional techniques. Finally, the combination of geometrical and non-geometrical
properties of discontinuities and point clouds or meshes can be used to create discrete models for
guantitative stability analyses in rock masses by means of discontinuum approaches. It is specified
that interactions among individual fractures or discontinuity sets (fracture topology) need to be de-
fined to characterize rock mass permeability, especially when dealing with fault damage zones and
reservoir modelling (Smith 1980; Smith et al. 1990; Taylor and Dietvorst 1991; Knai and Knipe 1998;
Fisher and Knipe 2001; Wiprut and Zoback 2002; Jolley et al. 2007; Martinelli et al. 2020). In this
perspective, the MATLAB routine developed could be improved through the characterization of frac-
ture nodes and terminations (Manzocchi 2002; Saevik and Nixon 2017) to define the network con-
nectivity and its influence on the rock mass physics (Zimmerman and Main 2004; Laubach et al. 2018).



QDC-2-D: A Semi-Automatic Tool for 2-D Analysis of Discontinuities for Rock Mass Characterization

6.5. Conclusions

This study illustrated a new MATLAB tool for 2-D semi-automatic analyses of discontinuities from
high-resolution orthophotos obtained by means of remote sensing techniques, aimed at characteriz-
ing rock masses. Although similar tools were presented in the literature (Gigli and Casagli 2011; Healy
etal. 2017), they are not publicly available or do not provide a complete description of discontinuities
for rock mass characterization. Therefore, the routine was compiled by adapting and updating the
standard methods (i.e., scanline, rectangular, and circular window sampling) for a complete and de-
tailed analysis of discontinuity traces, which is preferable to 3-D point cloud analyses for low-relief
rock masses or man-made excavations, in a user-friendly digital environment.

The code was initially built on a synthetic dataset and successively tested and validated on a case
study by comparing the results of the conventional geostructural and geomechanical surveys carried
out in the same area. The routine was developed in the form of consecutive steps, which can be
singularly run depending on the objective of the analysis. In addition, the calculations do not require
high-performance computers but can be run on standard laptops in a few seconds.

A new feature allows the semi-automatic identification and classification of the mean discontinuity
sets in a Graphic User Interface, by fitting Gaussians curves on the strike histograms of the traces or
by using the Hough transform, according to the number and approximate orientation of the discon-
tinuity sets. In addition, the normal spacing of the discontinuity sets can be calculated both for per-
sistent and non-persistent joints. The procedure for the classification and characterization of the dis-
continuity sets, as well as the estimation of the jointing degree of the analyzed area, can be easily
repeated in different parts of an orthophoto to identify potential changes of the mean discontinuity
sets, implicating modifications in the stress field, which can be further investigated on site for struc-
tural analyses.

Future developments may concern the improvement of the unit block volume calculation through
direct measurements on the areas delimited by discontinuities rather than from spacing and orienta-
tion of the main discontinuity sets. Moreover, an automatic-semiautomatic method for drawing the
discontinuities on orthophotos could exceptionally decrease the time required for data pre-pro-
cessing.

Eventually, future research topics could deal with the conversion of the proposed Hough Transform
method in the 3-D space to detect discontinuity surfaces from point clouds or triangulated surfaces.
The results could be compared with the methods available in the literature to validate the technique’s
reliability or identify potential discrepancies (Wang and AlRegib 2014; Leng et al. 2016; Vera et al.
2018). In addition, the Gaussian fitting method could be implemented to have 3-D histograms of the
orientations (x = dip, y = dip direction, z = frequency) and a composite Gaussian surface instead of a
curve, to detect discontinuity planes from 3-D models. Finally, discontinuity sets’ spacings could be
calculated both from the 3-D Hough Transform Method and from the 3-D Gaussian fitting method
and compared with each other.

Supplementary Materials: The QDC-2-D routine and the instruction file are available online in the
GitHub public repository at: https://github.com/charlottewolff/-QDC-2-D, accessed on 5 December
2021.
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Chapter 7 Multidisciplinary approach for
stability analyses of rock masses: integration
of field surveys, remote sensing techniques
and numerical modelling

Abstract: This chapter aims to present a methodological approach to perform advanced three-dimensional
analysis of rock slopes by combining conventional geostructural and geomechanical surveys with remote sens-
ing techniques supported by Unmanned Aerial Vehicle (UAV) systems. The proposed methodology is divided in
four main steps: 1) conventional geostructural and geomechanical surveys and physical and mechanical char-
acterization of the rock materials; 2) remote sensing surveys, processing and interpretation for the 2-D and 3-
D quantitative characterization of the discontinuity sets; 3) validation by means of field-inspection and set-up
of the geomechanical model; 4) stability assessment by means 3-D and 2-D numerical modelling, the latter
optimized through the stochastic generation of discontinuity sets by means of Discrete Fracture Network (DFN)
techniques. The final section discusses the implementation of discontinuities in Finite Element Method (FEM)
models through the use of equivalent models with reduced deformations and strength properties and explicit
interfaces, by comparing the failure mechanisms. Moreover, different surface processes detected in the field
are simulated using both approaches, and the differences are commented. Further improvements of the meth-
odology are reported in the conclusion section.

7.1. Introduction

Rock slope failures in urban areas represent a high risk for human lives and infrastructures, and in
some cases are capable to damage the cultural, natural and archaeological heritage of protected sites,
as reported by many researchers (e.g. Matsuoka and Sakai 1999; Carrefio and Kalafatovich 2006; Bor-
gatti et al. 2006; Wei et al. 2014; Cafiso and Cappadonia 2019; Gardufio - Monroy et al. 2020). These
examples clearly show that advanced methodologies for landslide susceptibility assessment are
needed in our society, especially in poor countries and in places of historical importance, to carry out
hazard mapping, aimed at developing the most proper plan mitigation actions and prevention
measures.

In the last decades, remote sensing techniques such as terrestrial or airborne Light Detection and
Ranging (LiDAR), terrestrial and Unmanned Aerial Vehicle (UAV) Structure from Motion were com-
bined with conventional field surveys to achieve a comprehensive geostructural and geomechanical
characterization of the investigated area. The integration of remote sensing techniques is related to
the possibility to acquire data of large extent areas in reasonably short time and safe conditions, as
well as to create permanent databases (Feng and Roshoff 2004; Haneberg and Findley 2006; Ja-
boyedoff et al. 2008; Sturzenegger and Stead 2009).

Many researches illustrate how remote sensing techniques can be used for rock slope investigations,
with particular emphasis on the generation of 3-D models and on the detection of discontinuities and
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potential unstable areas (Lemy and Hadjigeorgiou 2003; Feng and Réshoff 2004; Stead et al. 2004;
Abellan et al. 2006; Coggan et al. 2007; Jaboyedoff et al. 2008; Runquiu and Xiujun 2008; Haneberg
2008; Armesto et al. 2009; Ferrero et al. 2009; Mah et al. 2011; Salvini and M. 2013; Santo et al. 2013;
Salvini et al. 2013; Gauthier and Hutchinson 2015; Francioni et al. 2015; Donati et al. 2017). The state
of the art on the potential applications, advantages and limitations of several remote sensing tech-
nologies for rock slope characterization was reported by various authors (Slob and Hack 2004; Wes-
toby et al. 2012; Tofani et al. 2013; Abellan et al. 2014; Abellan et al. 2016; Cawood et al. 2017; Stead
et al. 2019).

In addition, several interesting studies were addressed to the semi-automatic and automatic extrac-
tion of the discontinuities of jointed rock masses from point clouds (Buyer and Schubert, 2016; Fer-
rero et al., 2009; Garcia-Sellés et al., 2011; Gigli and Casagli, 2011; 2007; Olariu et al., 2008; Pagano
et al., 2020; Palma et al., 2017; Riquelme et al., 2014) or triangulated surfaces (Lato and Voge, 2012;
Li et al., 2016; Slob et al., 2005; Voge et al., 2013) and to the quantitative characterization of the
discontinuity sets, as well as block size and shape estimation (Gigli and Casagli 2011; Sturzenegger et
al. 2011; Oppikofer et al. 2011; Riquelme et al. 2015, 2018; Buyer and Schubert 2017, 2018; Kong et
al. 2020, 2021). A detailed review of these techniques was proposed by Battulwar and co-workers
(Battulwar et al. 2021).

If, on the one hand, the products of remote sensing techniques have been addressed to very targeted
studies (i.e. calculation of joints spacing or roughness), on the other hand they have been used in
broader contexts for a variety of engineering geology applications. Indeed, the use of Digital Elevation
Models (DOMs) as input in numerical modelling software, combined with data collected on the field
and in a geotechnical laboratory, would be a great step towards more realistic three-dimensional
analyses, and this is still rarely explored. As a matter of fact, early numerical methods to assess rock
mass stability are based on conceptual models which do not explicitly implement information col-
lected using remote sensing techniques (Krahn and Morgenstern 1976; Radbruch-Hall et al. 1976;
Kalkani and Piteau 1976; Hart 1993; Carranza-Torres et al. 1997; Sitar and MacLaughlin 1997; Bye and
Bell 2001; Guadagno et al. 2003; Eberhardt et al. 2005; Gischig et al. 2011, to mention a few).
Despite conceptual models allow the definition of the stability conditions of the investigated area, as
well as the identification of the processes which can trigger future failures or the interventions which
can stabilize on-going failures, better accuracy can be accomplished by introducing geometrical ele-
ments collected using drones or laser scanners. For instance, overhanging volumes or caves (e.g. karst
caves in carbonate rock masses), where failures may occur, can be easily modelled using the derived
point clouds or triangulated surfaces.

This shortcoming has been pointed out in a few recent studies, which hence were dedicated to the
combination of conventional techniques and DOMs to carry out advanced 3-D stability analyses. For
instance, some methods to carry out kinematic analyses and detect rockfalls source areas, taking
advantage of point clouds, were proposed in the literature (Francioni et al. 2015; Menegoni et al.
2021). Further, other studies optimized deterministic limit-equilibrium analyses with terrestrial digi-
tal photogrammetry and laser scannning (Ferrero et al. 2009; Gigli et al. 2011; Brideau et al. 2011;
Salvini and Francioni 2013; Salvini et al. 2013; Martino and Mazzanti 2014).

In the last decade, point clouds and meshes were introduced in the most advanced 3-D numerical
modelling techniques to study rock mass stability by means of different approaches.

At present, there is no standard procedure for the modelling of rock slopes (Jing and Hudson 2002;
Jing 2003; Nikolic et al. 2016). On the one hand, rock masses are schematized as continuum models
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(Francioni et al. 2015; Mancini et al. 2017; Fazio et al. 2019, to mention a few), where, eventually, the
contribute of joints is taken into account by reducing the rock mass properties (Dershowitz et al.
2004; Hoek 2007). Recent continuum-based FEM softwares are able to introduce a few discontinui-
ties in the form of interface elements, as proposed by some authors (Bfer, 1985; Fazio et al., 2019;
Goodman et al., 1968; Jamshid et al., 1973). It is specified that, in this case, the continuity of the
model is preserved, hence the detachment of blocks is not allowed, given the fundamental condition
of displacements compatibility at element nodes (Jing 2003; Hammah et al. 2008). On the other hand,
discontinuum-based techniques discretize the domain into blocks connected by discontinuities and
solve the equations of motion through continuous detection and treatment of the contacts between
blocks (Corkum and Martin 2002; Ghirotti and Genevois 2007; Brideau et al. 2011; Firpo et al. 2011;
Kalenchuk et al. 2011; Boon et al. 2014; Francioni et al. 2014; Spreafico et al. 2016; Montiel et al.
2020). For these models, large displacements such as rotation, fracture opening and complete de-
tachment are allowed (Jing 2003).

More complex hybrid approaches combine continuum and discontinuum techniques to model the
transition from continuum to discontinuum conditions by explicitly simulating fracture and fragmen-
tation processes (Munjiza et al. 1995; Munjiza and John 2002; Coggan et al. 2003; Eberhardt et al.
2004; Stead et al. 200443, b, 2006; Fabian et al. 2007; Vyazmensky et al. 2010; Lisjak and Grasselli
2014; Bonilla-Sierra et al. 2015; Lollino and Andriani 2017).

In most cases, the discontinuities of numerical models are represented by means of deterministic
approaches through the implementation of segments or planar surfaces respectively for 2-D and 3-D
applications. However, for moderately jointed rock masses the detection of discontinuities, whether
by means of field surveys or with the help of remote sensing technologies, might be quite challenging
and time-consuming, with the drawback of applying simplifications. In addition, the discontinuities
are generally assumed as persistent, though it is well known that failures in rock masses are caused
by the interaction of non-persistent discontinuities that propagate through coalescence, according to
a step-path mechanism (Lajtai 1969; Jennings 1970; Sjoberg 1996; Goodman and Kieffer 2000;
Diederichs 2003; Kemeny 2006; Frayssines and Hantz 2006; Brideau et al. 2009; Zhang et al. 2017). It
is clear that randomly located, non-persistent discontinuities play a key role in rock slope stability and
should be considered when dealing with numerical modelling, although this aspect is quite challeng-
ing (Wasantha et al. 2014; Fan et al. 2015). In this perspective, some pioneering researches proposed
the use of Discrete Fracture Network (DFN) models (Merrien-Soukatchoff et al. 2012; Scholtes and
Donzé 2012; Lisjak and Grasselli 2014; Havaej et al. 2016; Salvini et al. 2017; Lei et al. 2017; Montiel
et al. 2020) to stochastically generate more realistic discontinuity sets, based on the probabilistic
distribution of variables such as orientation, persistence and spatial location of the discontinuities.
However, stability analyses by coupling DFN approaches and continuum, discontinuum or hybrid
techniques are limited to a few researches (ElImo 2006; EImo and Stead 2010; Mas lvars et al. 2011;
Merrien-Soukatchoff et al. 2012; Havaej et al. 2016; Montiel et al. 2020; Zhang et al. 2020) and further
investigations need to be carried out.

This chapter deals with the combination of the studies reported in the previous sections to achieve
more realistic stability analyses, fully exploiting the potentiality of remote sensing techniques. A com-
plete procedure for advanced 3-D stability analyses in rock slopes, based on the integration of labor-
atory investigation, conventional and remote sensing geostructural and geomechanical analyses, to
produce advanced geomechanical models is proposed. Since, as stated above, there is not a unique
solution to model jointed rock masses, different numerical modelling approaches were tested.
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The procedure, developed on an appropriate case study, is based on four main steps: 1) conventional
geostructural and geomechanical surveys and physical and mechanical characterization of the rock
materials; 2) remote sensing surveys, processing and interpretation for the 2-D and 3-D quantitative
characterization of the discontinuity sets; 3) validation by means of field-inspection and set-up of the
geomechanical model; 4) stability assessment by means of 3-D numerical modelling. During the last
step, the role of surface processes acting on the site were investigated by means of 2-D models. Both
continuum-based and discontinuum-based FEM approaches were tested to observe the effects of the
chosen method on the resulting factor of safety (FS) and failure mechanisms. In addition, the results
of each method were compared to the field observations and to those from the DOM to assess their
reliability. It is pointed out that the reported method is a preliminary stability assessment, through
which the continuum approach was used to evaluate the global-scale stability of the case study, con-
sidering that the site is characterized by non-persistent discontinuity sets, modelled by means of a
DFN approach. Alternative methods (i.e. coupled DFN-discontinuous/hybrid approaches) may be
taken into account for future specific researches aimed at comparing the results with those obtained
through this study.

7.2.  Methodology overview

The proposed methodology is developed according to the following procedure:

a. Conventional geological, geostructural and geomechanical field surveys
They aim at the identification of the rock materials and at the characterization of their phys-
ical and mechanical properties by means of microscopy inspection and laboratory tests car-
ried out on representative samples. The effects of saturation and weathering on the mechan-
ical strength of the rock materials can also be evaluated at the laboratory scale to analyze
potential disturbances of rock slopes in marine environments. Focus is given to the quantita-
tive analysis of the discontinuities which play a key role in the stability of discontinuous rock
masses (Cardia et al., 2021; Goodman, 1976; Hudson and Harrison, 2000; Jaboyedoff et al.,
2009; Kainthola et al., 2015; Priest, 1993). Both the intact rock and the discontinuities are
taken into account to classify the rock mass for engineering applications, according to the
most appropriate system. Moreover, the typical occurred, on-going and potential failure
mechanisms are identified in the field.

b. Application of remote sensing techniques
Advanced techniques such as airborne/terrestrial LiDAR or digital photogrammetry can be
used to generate high-resolution georeferenced point clouds and triangulated surfaces to
obtain a Digital Outcrop Model (DOM) which can be easily consulted for further investigations
and to measure surfaces, areas and volumes. Several bi-dimensional and three-dimensional
procedures for the quantitative analysis of the discontinuity sets can be applied to achieve
an advanced and comprehensive characterization of the rock mass. The choice of the method
for the geostructural and geomechanical analysis from DOMs depends on several factors, like
accessibility, weather conditions and financial and time availability (Stead et al., 2019).

c. Validation and generation of the geomechnical model
The results of the remote sensing techniques are validated by means of direct comparison
with the data collected by means of conventional field surveys. Moreover, both datasets are
combined to produce a detailed geomechanical model of the rock mass.
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d. Preliminary identification of the main kinematics

Field observations and geometric information from point clouds or triangulated meshes are
used to carry out preliminary kinematic analyses to identify the potential failure mechanisms.

e. Detection of the typical instability mechanisms
The results of kinematic analyses are validated or discarded based on field observations and
remote sensing interpretation. Simultaneously, the main processes contributing to the rock
slope instability are outlined to assemble a conceptual model of the case study for further
investigations by means of numerical modelling.

f.  Numerical modelling
Three-dimensional and bi-dimensional numerical techniques are performed to assess the
global-scale stability of the rock slope, using an advanced geomechanical model built through
the integration of quantitative on-site observations and remote sensing interpretation.
Thanks to the opportunity of using complex constitutive laws and to easily re-calibrate the
model, the geological processes acting on the case study can be investigated to detect the
critical conditions which can cause failure.
Detailed information on the methodology carried out for each section are reported in the
sections below.

a Conventional geological, geostructural b UAV surveys at Lama Monachile

and geomechanical surveys and Pietra Piatta sites
* sample collection
* discontinuity measurements
Structure from Motion technique
v h N N
Geotechnical Discontinuity analysis Point Clouds High-resolution Triangulated surface

laboratory activity

Physical and mechanical
characterisation of the

and interpretation

v

Rock mass classification

orthophoto (mesh)

}

2-D and 3-D discontinuity analysis

rock materials

C Calibration of the 3-D
geomechanical model

A 4

d Preliminary kinematic
analyses

Detection of local failures
and of the potential
triggering factors

\ 4

Advanced stability analyses
and simulations by means of
numerical modelling

Figure 7.1: Workflow of the proposed methodology applied on the study site.
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7.3.  Case study: Polignano a Mare (southern Italy)

7.3.1. Geological and morphologic setting

The study area is located in the municipality of Polighano a Mare, on the Adriatic side of the Apulian
coast (SE Italy). From a geologic standpoint, the site belongs to the eastern part of Murge plateau,
an emerged part of the Apulian foreland, made up of a 3 km-thick Cretaceous succession related to
a wide carbonate platform, unconformably overlain by Quaternary deposits of shallow agitated ma-
rine waters (Ricchetti et al. 1988; Tropeano and Sabato 2000). The Cretaceous formation cropping
out at the study site is constituted by whitish to greyish, well-stratified limestones and dolostones
belonging to the Calcare di Bari Fm., whilst the Plio-Pleistocene deposits are formed by massive yel-
lowish calcarenites associated to the Calcarenite di Gravina Fm. Due to carbonate nature of the rock
masses, karst processes represent the main morphological agent in the Murge, with most of the land-
forms having a karst origin (Sauro 1991; Parise 2011).

The Adriatic Apulian coast develops through a series of marine terraces subparallel to the coastline,
linked by small scarps, which develop from about 150 m a.s.l. until reaching the sea. The main drain-
age network is represented by slightly incised flat-bottomed karst valleys, locally named lame, which
are typically dry except during intense rainfall events (Parise 2003; Parise et al. 2013). These morpho-
structures are the result of the superimposition of regional uplift and glacio-eustatic sea-level
changes, started from the middle Pleistocene, but have also been explained as related to sapping
(Ciaranfi et al. 1988; Mastronuzzi and Sanso 2002).

In the study area, the prevailing morphology is constituted by platforms, promontories and embay-
ments covered by coastal erosion deposits (pocket beaches). It is to these structures that the study
sites belong (Figure 7.4): the Pietra Piatta site (“flat stone” translated from lItalian) is an about 6000
m? low-relief platform developing from 10 m a.s.l. to the current coastline and Lama Monachile site
is one of the mentioned karst valleys cutting a 20 m high sub-vertical cliff and reaching the sea as
well. While in the first area the Calcare di Bari Fm. only is visible (due to erosional processes the
Quaternary deposits crop out in the inner zone), at the second site the succession of limestones and
dolostones overlain by the Calcarenite di Gravina Fm. is cropping out. The base of the cliff is covered
by loose materials of variable grain size forming a pocket beach that attracts many tourists through-
out the year.

Notches, karst conduits and caves, which are well visible along the cliff, reduce rock mass strength
and represent a serious hazard for stability (Parise 2010, 2015; Gutiérrez 2010; Gutiérrez et al. 2014).
In addition, bedding surfaces and joints are widespread in the Calcare di Bari Fm., causing evident
anisotropy. As a matter of fact, several niches along the sub-vertical walls and boulders occasionally
visible below the sea level indicate local failures and even small-size potential instabilities, which can-
not be excluded, can seriously endanger people’s safety, especially considering the high density of
tourists in the beach for large part of the year. Moreover, the old town of Polignano a Mare is partially
built and carved on the weaker calcarenites, which are highly susceptible to chemical and mechanical
degradation (Calcaterra and Parise 2010), therefore potential instabilities can damage buildings of
architectural and historical relevance. The situation is even farther complicated by diffuse presence
of karst features, such as caves of variable size, conduits and voids, which certainly cause an addi-
tional decrease in the resistance of the carbonate rock mass, also favouring the flow of water within
it (Andriani and Parise 2015, 2017). To all of this, human actions along the coast must be added, which
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often result in accelerating the cliff retreat processes, as observed along the whole Apulian coastline
(Delle Rose and Parise 2004; Andriani and Walsh 2007; Pellicani et al. 2015; Lollino et al. 2021).
Despite the landslide risk is larger for Lama Monachile site for the mentioned factors, geostructural
and geomechanical surveys were performed also at Pietra Piatta site, which might be less interesting
from a tourist point of view, but is essential for quantitative discontinuity characterization, as the lack
of Quaternary deposits, which cover the top of the sub-vertical cliff, allows to map discontinuity
traces affecting the intensely jointed limestones and dolostones.

7.3.2. Physical and mechanical characterization of the rock materials

The studied outcrop is constituted by a 20 m thick carbonate succession made up of calcarenites
belonging to the Calcarenite di Gravina Fm., unconformably overlying the limestones and dolostones
of the Calcare di Bari Fm.

Petrographic examination with transmitted light was performed on thin sections of representative
samples, using optical polarizing microscopy. The Calcare di Bari Fm., which at Lama Monachile site
is formed by sub-horizontal thin to thick bedded layers (0.05 — 1 m), for a total thickness of 15 m, is
constituted by two lithofacies which alternate in the carbonate succession. The first facies is repre-
sented by whitish-greyish micritic limestones (mudstone-wackstone) made up of bioclasts, such as
benthic foraminifera and peloids, dispersed in a micritic matrix (Figure 7.2a-b). This facies shows a
partial dolomitization process associated to magnesium-rich waters. The second facies is constituted
by grey-light brown dolostones (crystalline dolomite) in which rhombohedral dolomite crystals totally
obliterated the original texture of the limestones (Figure 7.2b-c). The Calcarenite di Gravina Fm. over-
lies the Cretaceous bedrock through an angular erosional unconformity and reaches a total thickness
of about 8 meters at the main profile of reference, although the upper boundary is not well visible
because of the buildings located at the top of the cliff. It is made up of poorly cemented, yellowish-
greyish coarse to medium-grained calcarenites (grainstone) with fragments of lamellibranchs, brachi-
opods, gastropods, serpulids, calcareous algae and benthic foraminifera (Figure 7.2e-f).

Figure 7.2: Polished slabs (above) and thin sections microphotographs (below) in plane-polarized light of the
lithofacies cropping out at Lama Monachile site: (a-b) Calcare di Bari Fm.- mudstone-wackestone facies; (c-d)
Calcare di Bari Fm. - crystalline dolomite facies; (e-f) Calcarenite di Gravina Fm. - grainstone.
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Albeit the three lithofacies are characterized by a similar chemico-mineralogical composition (car-
bonate-rich), they were classified in three different litotechnical units, distinguished on the basis of
specific physical and mechanical properties, related to different depositional fabric and diagenetic
processes. In detail, the first unit is represented by Plio-Pleistocene transgressive deposits of the Cal-
carenite di Gravina Fm., while two lithotecnical units, corresponding to the whitish limestone and the
greyish dolostone facies, constitute the Calcare di Bari Fm. Heavy physical and chemical weathering,
which is visible in the form of voids and cavities caused by karst processes, salt crystallization, wetting
and drying cycles and biological activity affects all lithotecnical units in a heterogeneous way (Fookes
et al. 1988; Zezza and Macri 1995; Price 1995; Andriani and Walsh 2007; Andriani and Pellegrini 2014;
Andriani et al. 2015). As a matter of fact, the rock mass strength decay is evident in the calcarenites,
which is subjected to microcracking, dissolution of the fine cementation and granular disaggregation
(Andriani and Walsh 2007), as demonstrated by several failed blocks on the shore bottom. It has to
be recalled that the calcarenite rocks, widely cropping out in many sectors of Apulia, are heavily in-
terested by development of karst caves and landforms (Parise 2011). On the other hand, notches and
sea caves are present in the Calcare di Bari Fm. as a combination of wave undercutting and chemical
solution, especially in the salt and fresh water mixing area (Delle Rose and Parise 2004). In addition,
the dolomitic facies, even though less interested by dissolution with respect to the limestones, shows
too evidence of minor karst features.

Aimed at defining the mechanical behaviour of the materials cropping out at Lama Monachile site,
representative rock samples were collected in the field for further investigation. Due to difficult lo-
gistics, calcarenite rock samples belonging to the same lithofacies were collected in an open-pit
quarry at a distance of about 1500 m, while rock blocks of the Calcare di Bari Fm. were sampled in
accessible areas at the bottom of the cliff.

Following the standard procedures outlined by ISRM (ISRM 1979a; Ulusay 2015), laboratory meas-
urements and tests were carried out on 35 samples to determine the dry density, total porosity (n),
water adsorption (w,), degree of saturation (Sr), Brazilian tensile strength (o:) and uniaxial compres-
sive strength (o.) of the rock materials, respectively on disk (diameter=60 mm, height=30 mm) and
cylindrical (diameter=60 mm, height=140mm) samples (Table 7.1). At the study site, aerosol particles
transported by the marine spray tend to deposit in the pores and cavities of the exposed rock mate-
rials, where salt crystallization causes stresses within the pores, disaggregation and crumbling of the
surfaces (Blanchard and Woodcock 1980; Amoroso and Fassina 1983; Zezza and Macri 1995; Torfs
and van Grieken 1997). Being rock mass degradation particularly intense in the more porous Calcar-
enite di Gravina Fm (Andriani and Walsh 2002), tests on saturated samples were carried out to inves-
tigate any variations in the mechanical behaviour of the calcarenite units. Water adsorption and de-
gree of saturation were calculated after the immersion and suspension of the specimens in distilled
water at 20°C for 48 hours and the successive saturation under vacuum (80 kPa), without removing
the specimens from the water basket, following the procedure established by Andriani and Walsh
(2002). Specific gravity (Gs) values of 2.70, 2.70 and 2.74 were assumed respectively for the calcare-
nites, limestones and dolostones on the basis of their chemical composition.

The Calcarenite di Gravina unit has a dry density ranging between 1.48 and 1.72 Mg/m?3, with a mean
value of 1.60 Mg/m? and a saturated density ranging between 1.88 and 2.06 Mg/m3, with a mean
value of 1.97 Mg/m?3. The porosity, water adsorption and degree of saturation are in the range 36-
56%, 23-90%, 74-100%, respectively. With regard to the mechanical properties, the Brazilian tensile
strength is in the range 0.54-0.96 MPa in dry conditions and 0.41-0.83 MPa under saturated
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conditions. The uniaxial compressive strength minimum and maximum values are 3.71 and 5.44 MPa
in dry conditions, 0.91 and 3.12 MPa under saturated conditions. As shown in Figure 7.3, the indirect
tensile strength of the calcarenite unit under saturation can decrease up to the 50% with respect to
the dry conditions; the same behaviour was observed for the uniaxial compressive strength tests.
Based on its uniaxial compressive strength in dry conditions, the calcarenite lithotecnical unit can be
classified as very weak according to the ISRM classification system (ISRM 1979b) and soft-very soft
according to Bieniawski’s system (1989, 1993).

Table 7.1: Physical and mechanical properties of the rock materials cropping out in the study area.

Property Calcarenite di Gravina Calcare di Bari Calcare di Bari
micritic facies dolomitic facies

Min Max = Mean Min Max  Mean Min Max Mean

Specific gravity, G 2.70 2.70 2.74
Dry density (Mg/m3) 1.48 1.72 1.60 244 2.52 247 2.47 2.72 2.62
Sat. density (Mg/m3) 1.88 2.06 197 2.49 2.57 2.52 2.52 2.73 2.64
Porosity, n (%) 36.13 45.16 40.75 6.81 1148 9.03 0.68 9.74 4.47
water absorption, w, (%) 18.29  29.69 23.06 1.00 4.79 2.69 0.21 1.96 1.03
Degree of saturation, Sr % 7391 99.77 89.98 36.06 99.84 70.90 49.74 89.61 70.84
Brazilian tensile strength, dry 0.54 0.96 0.75 5.20 7.31 6.52 9.48 12.04 10.76
ot (MPa) sat 041 0.83 0.64

Uniaxial compressive strength, = dry = 3.71 5.44 426 36.40 51.17 4566 84.28 89.15 86.72
on (MPa) sat. 091 312 218

Concerning the limestones, dry density ranges between 2.44 and 2.52 Mg/m?, whereas the saturated
density is between 2.49 and 2.57 Mg/m3. Porosity is in the range 7-11%, water absorption is 1-5%
and degree of saturation is 36-100 %. Brazilian tensile strength and uniaxial compressive strength in
dry conditions are in the range 5.20-7.31 MPa and 36.40-51.17 MPa, respectively. On the basis of the
uniaxial compressive strength in dry conditions, the micritic facies of the Calcare di Bari Fm. can be
classified as moderately strong and low-moderately strong according to Bieniawski (1989, 1993) and
the ISRM (1979b) classification systems, respectively.

The dolostones have a dry density of 2.47-2.62 Mg/m3 and a saturated density of 2.52-2.64 Mg/m3.
The porosity, water absorption and degree of saturation are 0-10%, 0-2% and 50-90%. Brazilian ten-
sile strength and uniaxial tensile strength in dry conditions are 9.48-12.04 MPa and 84.28-89.15 MPa,
respectively. The dolomitic facies of the Calcare di Bari Fm. cropping out at Polignano a Mare can be
classified as of medium strength according to Bieniawski (1989, 1993) and to the ISRM (1979b) sys-
tems.

It must be noted that the above used geomechanical classification systems tend to overrate the be-
haviour of rock masses interested by karst processes, since the features related to dissolution, such
as caves and karst conduits are not taken into account in the attribution of the classes, as pointed out
by Andriani and Parise (2015, 2017).
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Figure 7.3: Representative Brazilian tensile strength stress-strain curves of the litotechnical units; (a) Calcare-
nite di Gravina Fm. samples in dry and saturated conditions; (b) micritic and dolomitic facies of the Calcare di
Bari Fm in dry conditions.

7.3.3. Conventional geostructural and geomechanical surveys

Direct geostructural and geomechanical surveys were carried out along the steep scarps and sub-
horizontal terraces of the study site according to the ISRM standards (ISRM 1988) to build a realistic
geomechanical model. Aim of this procedure was to estimate the rock mass jointing conditions, with
particular focus on the discontinuities, which play a key role in the mechanical behavior of rock
masses (Goodman 1976; Hoek and Bray 1981; Kulatilake and Wu 1984a Priest 1993; Zhang and Ein-
stein 1998; Hudson and Harrison 2000). Due to scarce accessibility along the cliff at Lama Monachile
site, additional information was collected on the low-relief rock mass at Pietra Piatta site (after vali-
dation of its representativeness) to have enough data to perform statistical analyses. The main joint
sets were identified on the study area by visual inspection, according to their orientation. Succes-
sively, 10 m scanlines and 100 m? square windows (Kulatilake and Wu 1984c; Priest 1993) were
marked on representative sectors of both the cliff and low-relief area, to perform quantitative anal-
yses. For each discontinuity intersecting the scanline or partially located in the window, the orienta-
tion, spacing, persistence, aperture, water conditions and filling were collected. Large-scale rough-
ness and wall strength were measured with a Barton Comb profilometer and a Schmidt Hammer
sclerometer. The poles of the measured discontinuities were reported in the Dips software
(Rocscience 2021g) by means of Schmidt equi-areal projections (southern hemisphere) to get statis-
tical information of the attitude of the discontinuity sets, using Fischer concentration contour lines.

Three main discontinuity sets, related to the tectonic and geomorphologic evolution of the area, were
identified on the Calcare di Bari Fm. by means of stereographic projections (Figure 7.11). The bedding
S0 is constituted by sub-horizontal surfaces, whilst the joint sets J1 and J2, which are sub-vertical and
orthogonal to each other, are respectively associated to the anti-apenninic and apenninic structural
domains (Doglioni 1991; Festa 1999; Scrocca 2010; Di Bucci et al. 2011), according to their attitude
(Table 7.2, bottom).
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Table 7.2: Properties of the intact rock (top) andof the discontinuity sets (bottom) of the Calcare di Bari Fm.
The weight % represents the percentage of the poles of the considered set over the total.

AVERAGE PROPERTIES OF THE INTACT ROCK

water - Uniaxial
e . Sat. . Degree of Brazilian .
. Specific Dry density . Porosity absorp- . ; compressive
Facies . density . saturation tensile strength
gravity Gs (Mg/m3) (Mg/m?) n (%) tion Sro% o (MPa) strength
& Wa (%) ’ ‘ o, (MPa)
micr. 2.70 2.47 2.52 9.03 2.69 70.90 6.52 45.66
dolom. 2.74 2.62 2.64 4.47 1.03 70.84 10.76 86.72
DISCONTINUITY SETS
Mean Mean Fisher's Weight Spacin Persis- Aper- Water Cor;r;s)eres-
DS Type Dip dir. dip g P g tence  ture condi- Filling JRC
R R K % (m) (m) L strength
(MPa)
Gener-
. 0.12- Up to V-
J1 Joint 122 88 141 50 1.00 0.22 05 Damp @ ally Vil 47
absent
Gener-
. 0.08- Up to V-
J2 Joint 33 84 126 20 0.30 1.99 0.5 Damp ally Vil 49
absent
Ub to Gener-
S0  Bedding 224 5 402 30 0051 >20 (';’5 Damp ally VIl 50
' absent

The joint set J1 strikes between 15 and 45°, with a mean direction of 32° and is constituted by sub-
vertical fractures (80-90°). The spacing ranges between 0.12 and 1.00 m, with a modal value of 0.43
m. The joints are closed (up to 0.5 mm) and non-persistent (about 0.22 m). No free water was de-
tected, the infilling is generally absent, especially close to the cliff edge, but in some areas soil and
calcite were detected. The mean Joint Roughness Coefficient JRC and compressive strength obtained
from the Joint Compressive Strength JCS are 9 and 47 MPa, respectively. The joint set J2 has sub-
vertical fractures (80-90°) with strike in the range of 118-135° (mean value=123°) and higher persis-
tence (about 2 m). The joint spacing ranges between 0.08 and 0.30 m, with a modal value of 0.25 m
(see also Fig. 6.3). The joints have no free water and infilling and, in places, present infilling of residual
materials of karst dissolution, a JRC of V-VIl and a compressive strength of 49 MPa. The area of the
cliff in which the limestone and dolostones belonging to the Calcare di Bari Fm. crop out appears
intensely fractured and weathered. More in detail, karren, karst voids, cracking and flaking caused by
wetting-drying cycles and by crystallization processes are visible in the spray zone (Blanchard and
Woodcock 1980; Zezza and Macri 1995). With regards to the stratification, the bedding surfaces dip
towards different directions due to the presence of rotated blocks and gentle folds, thus ranging be-
tween NNW and NNE, always with inclinations lower than 10°.

The three outlined discontinuity sets, which are perpendicular to each other, delimit potentially un-
stable rock blocks. Following Palmstrgm’s method (1996a, 2001), the volumetric joint count J, (num-
ber of joints per unit volume), block volume V,, and block shape factor B were calculated as 9.83 m3,
30 dm3and 28.52. According to the J, value, the rock mass was classified as strongly jointed and is
formed by moderately large, compact-moderately flat blocks with right-angled shapes. The contrib-
ute of the joints to the rock mass strength was estimated trough the jointing parameter JP, which in
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turn depends on the block volume and joint condition factor (jC). The latter was calculated on the
basis of the joint roughness, length and alteration factors. A joint roughness factor jR equal to 1.5 was
calculated considering the waviness and smoothness of the discontinuities, which are planar and
slightly rough at the large and small scale, respectively. The joint asperity factor Ja=1.0 and the joint
length and continuity factor jL=1.5 were calculated from specific tables depending on the alteration
conditions and trace lengths of the discontinuities (Figure 7.4). A joint condition factor jC equal to 3
was determined based on the parameters reported above. Finally, a Rock Mass Index (RMi) equal to
5.66 was obtained by reducing the uniaxial compressive strength of the intact rock by means of the
jointing parameter, which was calculated according to the block volume and the joint condition factor
(JP=0.12):

. Eq. 7.1
RMi = g, * P

According to Palmstrgm’s system, the rock mass can be classified as strong. Moreover, a classification
based on the GSI system (Marinos and Hoek 2000; Hoek and Brown 2019) was carried out following
Marinos’s system (2017) specifically proposed for carbonate rock masses. According to the rock mass
structure (type A) and to the joint conditions (good-fair), a GSI range of 55-65 was assigned to the
Calcare di Bari Fm.

As concern the calcarenite unit, cropping out at the top of the cliff, direct measurements on the dis-
continuity sets could not be performed because of the lack of accessible and safe areas. In addition,
human interventions such as excavations and building structures, and heavy weathering as well,
made the data collection even more uncertain. For this reason, a qualitative characterization of the
discontinuity sets on the Calcarenite di Gravina Fm. was performed by means of visual inspection
from the bottom of the cliff, but further investigation by means of remote sensing techniques was
planned to achieve more reliable results (Figure 7.5). At this stage, moderately wide discontinuities
(up to 10 mm), dipping in the range 75-85°, with no free water and infilling of reprecipitated calcite
and residual materials (red soils) were detected. They are widely spaced (1-3 m), low persistent (up
to 2.5 m), undulated (JRC= IV-VI) joints mostly dipping toward SSW; however, some joints dipping
toward NNE to ENW were observed, too. The calcarenite units have a massive structure and no bed-
ding planes were identified. The effects of weathering processes are more evident in the Calcarenite
di Gravina Fm. which, although characterized by medium-large pores, is weaker than the Calcare di
Bari Fm. and thus more susceptible to decay (Andriani and Walsh 2007). Since open discontinuities
are evident in the calcarenite unit and can control potential instabilities, its strength properties were
scaled usingthe GSI classification system: GSI=55-65 (see also section 7.3.8).
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TABLE 5  BRATINGS OF THE JOINT ROUGHNESS FACTOR (jR)

small scale large scale waviness ” of joint plane
smoothness 7 of |  planar  slightly strongly stepped interlocking
joint surface undulating undulating (larpge scale)
very rough 3 4 [ 1.5 9
rough 2 3 4 5 f
slightly rough 1.5 2 3 4 4.5
smooth 1 1.5 2 25 3
polished 0.75 1 1.5 2 2.5
slickensided™ | 0.6 - 1.5 1-2 1.5-3 21-4 15-5
For irregular joints a rating of jR = 5 is suggested
" For filled joints: jR = 1 " For slickensided joints the highest vale is used for marked striations.
TABLE 6  RATINGS OF THE JOINT ALTERATION FACTOR { jA).
A, CONTACT BETWEEN THE TWO ROCK WALL SURFACES
TEREM DESCRIPTION jA
Clean joints
-Healed or welded joints | Softening, impermeable filling {quartz, epidote etc.) 0.75
-Fresh rock walls No coating or filling on joint surface, except of staining 1
-Alteration of joint wall:
1 grade more altered | Ome class higher alteration than the intact rock .
2 grades more altered | Two classes higher alieration than the intact rock 4
Coating or thin filling
-Sand, =ilt, caleite, ete. | Coating of friction materials without clay 3
-Clay, chlorite, tale, ete. | Coating of softening and cohesive minerals 4

B. FILLED JOINTS, PARTLY OR NO JOINT WALL CONTACT

Partly wall| No wall
contact | contact
TYPE OF FILLING DESCRIFTION OF FILLING thin filling | thick
MATERIAL MATERIAL (< 5Smm™) filling
JA JA
-Sand, silt, calcite, etc, | Friction materials without clay 4 g
-Compacted clay "Hard" clayey material 6 10
-Soft clay Medium o low over-consolidation of filling ] 12
-Swelling clay The material shows clear swelling properties g-12 12 - 20

T Based on Joind thickness division in the RMR system {Bieniawski, 1973)

TABLE 7 RATINGS OF THE JOINT SIZE AND CONTINUITY FACTOR (jL).

JOINT JL
LENGTH TERM TYPE continuons  discontinuous
joinis Jjoints™
< 05m very short bedding/foliation partings 3 B
01-10m shont/small joint 2 4
1-10m medium joint | 2
0-30m  long/large Joint 0.75 1.3
> 30m  very long/large (filled) joint , seam™ or shear™ 0.5 1

7 Ofien a singularity, and should in these cases be treated separately . = Discontitious jolnts end in massive rock

Figure 7.4: Joint roughness factor (jR), joint alteration factor (jA) and size and continuity factor (jL) estimated
from reference tables (after Palmstrgm 1996a, available at https://www.rockmass.net/ap/51_Palm-
strom_on_RMi_in_rock_engineering.pdf)
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Figure 7.5: Main discontinuities detected during the field surveys in the Calcarenite di Gravina Fm at Lama
Monachile site (with orange outline). The main orientation of the discontinuity set could not be measured in
the point clouds because of the surface roughness and of the lack of appropriate planes where to collect the
data. The main discontinuity sets identified in the Calcare di Bari Fm. are highlighted in blue (J1), magenta (J2)
and green (S0).

7.3.4. UAV surveys

The Unmanned Aerial Vehicle surveys were carried out on both Lama Monachile and Pietra Piatta
sites by means of a quadcopter platform DIJI Inspire 2, equipped with a 20.8-megapixel resolution
camera, an integrated Global Navigation Satellite System (GNSS) and a remote flight controller (Figure
7.6). With regards to the sub-vertical cliff, 130 frontal photos with side and frontal overlap of 75%
and 85% were taken at horizontal distance of 18 m from the cliff. On the other hand, 248 photos were
acquired by means of nadir photogrammetry at Pietra Piatta site setting frontal and side overlap of
75%; 3 Ground Control Points were positioned on the terrain and their coordinates were measured
by means of a differential Global Positioning System (dGPS) to georeference the point cloud during
the processing stage. The camera locations, image overlap, position and estimated error of the GCPs
in both the surveyed zones are illustrated in Figure 7.7.

Both datasets were processed by means of Structure from Motion technique using Agisoft
Metashape software (Agisoft 2020), according to the workflow described by Westoby (2012) and Car-
rivick and co-workers (Carrivick et al. 2016). Five Ground Control Points evenly distributed in the study
area were picked on the photos of Lama Monachile site to georeference the 3D model in a global
reference system. The coordinates were assigned by picking the same points from a point cloud pre-
viously acquired by means of Terrestrial Laser Scanning technique georeferenced using a dGPS. With
regards to the model of the flat area, the coordinates of the 3 GCPs were inserted as input in the
software. After keypoints detection and matching by means of Scale Invariant Feature Transform
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(SIFT) algorithm (Snavely et al. 2008), the collinearity equations (Mikhail et al. 2001) were automati-
cally solved for each point and for each photograph by means of least-square bundle adjustment
(Brown 1976; Triggs et al. 1999; Snavely et al. 2008; Fonstad et al. 2013; Lucieer et al. 2013). At this
stage, a sparse point cloud located in a 3D environment was generated from each dataset. Succes-
sively, dense point clouds were obtained using Multi-View-Stereo (MVS) algorithms.

The dense point cloud of Lama Monachile site (more than 52 million points) was sub-sampled
(minimum distance between points of 1 cm) and segmented using the CloudCompare software. The
resulting point cloud consists of about 22 million points, with density of 5244 points/m? and mean
point distance of 1.3 cm (Figure 7.8). To correct doming shape deformations caused by the camera
lens distortion on elongated zones (James and Robson 2014, Eltner et al. 2016), the UAV point cloud
was further aligned on the TLS point cloud, characterized by higher accuracy and resolution (Riquelme
et al. 2017; Petrie and Toth 2018; Stead et al. 2019). More in detail, the two point clouds were split
in smaller sub-areas and aligned at couples using the Iterative Closest Point (ICP) algorithm (Besl and
McKay 1992), using the laser scanner point cloud as reference, until reducing the Root Mean Square
Error (RMSE) between the two datasets to 79 mm. A final triangulated surface (mesh) made up of
about 6.5 million polygons was generated by means of the Poisson Surface Reconstruction (Kazhdan
and Hoppe 2013).

Concerning the 3D scene of Pietra Piatta site, the 3 GCPs were considered sufficient to produce a
correctly georeferenced point cloud (about 100 million points, 12896 points/m?) because no defor-
mations were detected, and the GPS system integrated in the UAV instrument provided reliable co-
ordinates (in contrast with the photos acquired at Lama Monachile site, where the site conditions
caused a loss of the GPS signal) (Figure 7.9). Aimed at accurately mapping the discontinuity traces, a
high-resolution orthophoto (4.71 mm pixel size) of the Pietra Piatta site was obtained after generat-
ing an about 10 million facets triangulated surface.

Pietra Piatta
site

Lama Monachile
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Figure 7.6: Areas investigated by means of UAV techniques and conventional geomechanical-geostructural sur-
veys.
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Figure 7.7: Details of the UAV surveys carried out at Polignano a Mare and of the point clouds obtained during
the SfM technique with the software Agisoft Metashape: (a) camera locations and image overlap at Lama Mo-
nachile site; (b) top view of the raw point cloud, Ground Control Points and error estimations at Lama Monachile
site; (c) camera locations and image overlap at Pietra Piatta site; (d) top view of the raw point cloud, Ground
Control Points and error estimations at Pietra Piatta site.

Figure 7.8: Final point cloud of Lama Monachile site after the subsampling and cleaning process, 29,922,815
points, mean surface density = 3377 points/m?.

168



Multidisciplinary approach for stability analyses of rock masses: integration of field surveys, remote sensing
techniques and numerical modelling

Figure 7.9: Final point cloud of Pietra Piatta site after the cleaning process, 22,155,255 points, mean surface
density = 12896 points/m?. The point cloud was not subsampled in order to generate a high resolution ortho-
photo for the geostructural and geomechanical analysis of a representative area of the rock mass.

7.3.5.  Geostructural analysis from orthophotos/point clouds

The discontinuity sets characterising the rock mass were investigated from 2-D and 3-D datasets. In
afirst phase, the point clouds of Lama Monachile and Pietra Piatta sites were analyzed using Coltop3D
software (Terranum 2021) to semi-automatically extract the discontinuity sets by means of the Ja-
boyedoff and co-workers’ approach (Jaboyedoff et al. 2007). After computing the normal to each
point, the software automatically calculates the dip direction/dip by means of eigenvalue analysis of
the covariance matrix of a local neighbourhood and provides a point cloud coloured by means of Hue
Saturation Intensity (HSI) colour scale. The modified point cloud is coloured so that the dip direction
and dip of the poles are respectively represented by the hue and saturation values and allows the
user to identify the main discontinuity sets according to their orientation. Since both investigated
areas are characterized by sub-vertical rough surfaces, the interpretation of the HSI rendering was
not immediate, as some areas of the same discontinuity plane, locally dipping toward opposite sides,
were represented by colours located in the opposite side of the stereonet. For this reason, the
meshes generated during the SfM process were analyzes by means of Lime software (Virtual Outcrop
Geology Group 2021) which colors the surfaces according to their strike (Figure 7.10).
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Figure 7.10: Mesh of a sector of Lama Monachile site visualised by means of Lime software (VOG Group, 2021).
(a) the identification of sub-vertical discontinuity sets using the dip direction/dip rendering is challenging be-
cause rough surfaces are represented by “spots” with different colours; (b) the interpretation of the disconti-
nuity sets is facilitated using the strike rendering.

In addition, the sub-vertical cliff is characterized by flat surfaces (terraces) and steep steps, therefore
few planar surfaces could be detected on the point cloud due to their scarce exposition. For this
reason, a smaller area of the point cloud where joint sets could be detected as planes (instead of
traces), was segmented and used for this analysis. These steps allowed the identification of the main
discontinuity sets within the point cloud with Coltop3D. After mapping a few polygons considered
representative for a discontinuity set, the parallel planes (with a user-defined tolerance of 30°) were
automatically extracted. Later, the coordinates and dip direction/dip of the points belonging to each
discontinuity set were imported in CloudCompare and the respective point clouds were overlapped
on the original point cloud to validate the results (Figure 7.11).

Figure 7.11: Semi-automatic identification of the main discontinuity sets at Lama Monachile (a) and Pietra
Piatta (b) sites with Coltop3D software.

In a second phase, quantitative analyses of the discontinuity sets were performed using the high-
resolution orthophoto of Pietra Piatta site generated by means of SfM technique. As a matter of fact,
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it is evident that not all planes belonging to the discontinuity sets were extracted from the point
clouds because several discontinuities are visible in the form of traces. Fracture undersampling can
strongly influence the results of quantitative analyses. Therefore, a specific MATLAB routine was de-
veloped to semi-automatically identify and characterize the sub-vertical joint sets from trace maps
and ran it on more than 1000 traces manually drawn on a representative area of the rock mass (Loi-
otine et al. 2021). For each joint set, the MATLAB routine provided the mean strike, spacing, trace
length and persistence. The joint network was characterized by means of intensity, density and trace
length estimators (Mauldon 1998; Mauldon and Dershowitz 2000; Mauldon et al. 2001) and the vol-
umetric joint count, block volume, block shape factor and block shape were provided by the routine
as well.

Three main discontinuity sets, represented by the sub-horizontal bedding and two orthogonal joint
sets, were extracted both from the 3-D and 2-D analysis. At a final stage, the results of the disconti-
nuity characterization were validated by means of comparison with the results of the conventional
geostructural and geomechanical surveys (Figure 7.12, Table 7.3). During this phase, an issue regard-
ing the identification of the bedding from point clouds emerged. As shown in Figure 7.11a, not all the
bedding surfaces were detected because most of them are present in the form of traces along the
sub-vertical steps. Because only the joint sets could be mapped on the orthophoto, the MATLAB rou-
tine was not applied to the stratification. With regard to Pietra Piatta site, in addition to the outlined
problem, the sub-horizontal bedding surfaces were merged with points belonging to the topography
(Figure 7.11b). Based on these observations, the data acquired by means of field surveys were con-
sidered to be more representative and more reliable, and they were therefore selected for the anal-
yses reported in the next sections.
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Figure 7.12: Orientation of the main joint sets identified at Pietra Piatta site by means of different methods,
lower-hemisphere Schmidt equal-angle stereographic projections. (a) best-fit great circles and contour plot of
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the poles of the main discontinuity sets identified with Coltop 3D; (b) rose plot of the main discontinuity sets
identified with Coltop 3D; (c) best-fit great circles and contour plot of the poles of the main discontinuity sets
identified by means of conventional geostructural-geomechanical surveys; (d) rose plot of the main disconti-
nuity sets identified by means of conventional geostructural-geomechanical surveys; (e) rose plot of the main
discontinuity sets identified by performing the 2D analysis with the developed MATLAB routine; (f) summary
table of the orientations of the main discontinuity sets estimated with the different methods. Note that the
bedding was not compared because a characterization through the MATLAB routine was not possible.

Table 7.3: Validation of the discontinuity characterization from the point clouds and orthophoto by means of
comparison with the results of the conventional geomechanical and geostructural surveys.

Dataset Strike Spacing Trace length Persistence
° (m) (m) (m)
JOINT SET J1
Point cloud 32
Orthophoto 34 0.41 0.20 0.22
Conventional surveys 32 0.43 0.22 0.22
JOINT SET J2
Point cloud 125
Orthophoto 124 0.22 0.55 2.49
Conventional surveys 123 0.25 0.53 1.99

JOINTING NETWORK
Volumetric joint = Block volume  Block shape factor

Block volume Count Ju(m™) Ve (dm?) B Block shape
LAl 9.94 60 28.98 compact
Conventional surveys 9.83 30 78.52 Compact-

moderately flat

With regards to the block volume V,, its estimation was obtained from the mean orientation and
spacing of the joint sets and stratification. However, larger volumes were observed from both field
investigations and point cloud inspections. As a matter of fact, the joint sets and bedding spacings
are distributed according to exponential negative and normal distributions, respectively, therefore
the minimum and maximum values can be considerably different from the mean. In addition, persis-
tent sub-vertical discontinuities occasionally cut more layers, leading to the failure of rock blocks
larger than those estimated by means of the V, parameter. To achieve a more reliable assessment of
the block volumes, 50 failed blocks were approximately measured by identifying the failure surfaces
in the point clouds and assuming different shapes (Figure 7.13a). More precisely, the volumes were
calculated assuming triangular and rectangular prisms as shapes. The maximum calculated volumes
for triangular and rectangular prismatic shapes are about 4 and 8 m3, respectively (Table 7.4). The
calculated block volumes follow an inverse power law distribution (Figure 7.13d). The mean value is
more than 10 times larger than V,, (calculated for tabular blocks) because larger blocks were identified
in the point clouds and, at the same time, very small blocks might have been undersampled. Since
the described technique is based on direct measurements carried out on the point clouds, the corre-
sponding results are considered to be more accurate with respect to Palmstgm’s method. Therefore,
based on measurements performed on failed blocks, the most common potential failures that are
expected in the case study involve volumes ranging between a few dm? and about 10m3. However,
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larger instabilities determined by very persistent discontinuities (i.e. tension cracks) are not excluded.
As a matter of fact, some potential instabilities involving large volumes formed by several blocks were
detected in the field (Figure 7.15) and may indicate more dangerous scenarios. This analysis should
be integrated with measurements carried out on larger failed blocks, which are probably located be-
low the sea level and might have been dismantled during the impact or over time. Alternatively, the
method proposed in Section 4.3.5 could be used to compare point clouds generated from historical
photographs covering a large period of time.
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Figure 7.13: Volume estimation of failed blocks. (a) estimation from point clouds by measuring area and height
from visible niches; (b) histogram of 50 volumes calculated for triangular prism shapes; (c) histogram of 50
volumes calculated for rectangular prism shapes; (d) log-log chart showing that the calculated block volumes
for both shapes follow an inverse power law.

Table 7.4: Minimum, maximum and mean values of the 50 failed blocks analyzes in the point cloud, by assu-
ming the shape of triangular and rectangular prisms.

Calculated volume (m3) Hypothesized shape of the failed blocks
Triangular prism Rectangular prism
Minimum 0.00 0.01
Maximum 3.82 7.64
Mean 0.24 0.48
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7.3.6. Kinematic analyses

Kinematic analyses were performed using the Dips software (Rocscience 2021g) to identify the main
structurally controlled failure mechanisms of the rock mass, based on the geometrical relationships
between the discontinuities and the topography. The coastal stretch of the study site was subdivided
into 7 sectors according to the slope orientation (Figure 7.14). For each sector, the results of the
guantitative analyses of the fracture traces were reported in the software to generate the joint sets.
Data on the bedding surfaces collected by means of conventional surveys were added as well. Suc-
cessively, the slope dip direction/dip, friction angle and later limits were defined for each sector to
assess the probability of mechanisms such as planar slides, wedge slides and direct topple by means
of Goodman and Shi’s approach (1985).

Kinematic tests against planar sliding, wedge sliding and direct toppling were carried out in different
sectors of Lama Monachile site using Dips software and simulating the three main discontinuity sets
described in the sections above (Figure 7.14). Flexural toppling was exempted from the analysis be-
cause it is incompatible with the site conditions, as no continuous sub-vertical columns are present
in the study site. A basic friction angle ¢ of 40° was determined from the linearization of the Hoek-
Brown failure envelope by assuming GSI=50, m;=9 and D=0. As shown in Table 7.5, the results of the
kinematic analyses show that the most probable failure mechanisms are represented by wedge slid-
ing and toppling mechanisms. The stereonets of the tests for planar sliding, wedge sliding and direct
toppling carried out for each sector are reported in the supplementary materials. In detail, about 67%
of the intersections among the inserted discontinuities are compatible with wedge slide failures
within the overall slope, which can occur along the intersection line between two discontinuities (J1
vs J2), or along one plane with the most favourable orientation. About 37-50% of the intersections,
depending on the sector, are compatible with toppling mechanisms defined by Hudson and Harrison
(2000). These failure modes are related to the presence of two joint sets (J1 vs J2) whose sub-vertical
intersection line dips into the slope and sub-horizontal bedding surfaces (S0) acting as releasing
planes. The majority of the intersection lines fall outside the lateral limits thus determining oblique-
type toppling, except for sector F, in which direct toppling is favoured. In addition, combined sliding-
toppling failures can occur simultaneously according to the “base plane” type, especially for sectors
G, D and F. Planar sliding can rarely take place in sectors A-F, in which the percentage of probability
is less than 5%. However, the kinematic tests performed in sector G indicated that about 31% of the
discontinuities can lead to planar slides.

Itis pointed out that, at present, the available softwares for kinematic analyses are limited to uniform
slope morphologies. With regards to the Lama Monachile site, instability mechanisms observed in
the field such as failure of overhanging blocks and progressive bending and detachment of the karst
cave roofs could not be taken into account during the kinematic analyses. Future improvements may
concern the application of the methodology proposed by some authors in order to carry out kine-
matic analyses on 3-D models (DOMs) and detect susceptibility indexes for specific failure modes
(Matasci et al. 2018; Menegoni et al. 2021). Moreover, these preliminary tests do not consider the
physical and mechanical properties of the rock materials (except for the friction angle). For these
reasons, more advanced investigations were carried out by means of numerical modelling.
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Figure 7.14: Subdivision of the study area in 7 sectors, according to the local orientation of the slope, in order
to perform the kinematic analyses.

Table 7.5: Results of the kinematic analysis performed in the different sectors at Lama Monachile site. About
66 % of the intersections of the discontinuities are compatible with wedge sliding failures (mainly along the
intersection lines between JS1 and JS2 in sectors A, B, C, E and along one plane in sectors D,F,G), about 43 % of
the intersections could lead to toppling mechanisms (mostly oblique, except for sector F in which direct toppling
is favoured) and 3 % of the discontinuities could produce planar slides. The local orientation of the slope in
sector G increases the probability of planar slides (31.37 %) compared to the other zones. In addition, some
discontinuities could represent release surfaces for combined toppling and planar sliding mechanisms (“base
plane” section of the toppling test, especially for sectors G, D, F). Note: the graphical representations of the
kinematic analyses are reported in the supplementary materials (Figures S7.1-7).

SEC- SLOPE FAILURE MECHANISM
TOR ORIENTATION PLANAR WEDGE SLIDE TOPPLING
SLIDE
Dip Dip Total Both One Total Di- Oblique Total Base plane
direction % planes plane % rect % % %
% % %

A 94 90 1.85 52.16 14.41 66.57 4.37 37.56 41.93 2.21
B 120 90 2.95 53.15 13.33 66.48 13.05 37.56 50.61 10.33
C 97 90 1.85 52.47 14.12 66.59 6.38 37.56 43.94 3.69
D 241 90 5.17 24.07  42.40 66.47 0.46 37.56 38.02 21.03
E 109 90 2.21 52.80 13.72 66.52 12.70 37.56 50.26 7.01
F 181 90 4.80 29.79  36.68 66.47 38.25 0.00 38.25 16.97
G 230 90 31.37 23.67 43.14 66.81 0.85 37.56 38.41 46.86
Average total 217 Average total 66.56 Average total 43.06
along the slope along the slope along the slope
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7.3.7. Instability mechanisms

Instability processes in the study area are related to planar and wedge slides, topples, rockfalls and
partial roof collapse of the caves (Figures 7.15-17), as typically occurs for rock failures in karst areas
with vertical to sub-vertical cliffs (Parise et al. 2015a). Planar slides take place along sub-vertical dis-
continuities parallel to the coastline and dipping outside the slope, with the bedding surfaces, locally
slightly dipping seawards, acting as release planes (e.g. Figure 7.15 d). Wedge slides occur along the
intersection line, dipping seawards, of two discontinuities, typically belonging to joint sets J1 and J2
(e.g. Figures 7.15 a,c,e), whilst toppling mechanisms are determined by the rotation of blocks de-
tached from sub-vertical discontinuities dipping inland. The sub-vertical fractures responsible for pla-
nar slides and topples are related to the joint sets and, in more severe cases, to release tensional
cracks developed parallel to the coastline and characterized by larger apertures. In some cases, ten-
sion cracks delimit the back part of blocks involved in wedge slides. Rockfalls are common on the
overhanging sectors of the rock mass, lying above notches formed by chemical and mechanical deg-
radation of the rock materials and/or above karst conduits and caves. In detail, these features are
located at the sea level (notch) and along the contact between the Calcarenite di Gravina Fm. and the
Calcare di Bari Fm (karst features) (e.g. Figures 7.15 b,f, Figure 7.16 b). In the first case, rockfalls are
caused by the failure of blocks due to wave undercutting and to the corrosive and erosive wave ac-
tion, especially in correspondence of karstified levels and along the discontinuity sets. A typical mech-
anism occurring just above the sea level is associated to the fall of tabular blocks formed by the in-
tersection of the two joint sets along the overhanging levels (Figure 7.16 c, Figure 7.17 d). In the
second case, calcarenite overhanging blocks lose support from the underlying levels characterized by
a series of karst conduits and caves.

As concerns these latter, partial or total collapse of the cave roofs under flexural stress are caused by
the joint sets cutting through the laminations of the Calcare di Bari Fm. at steep angles. Snap-through,
crushing, sliding and diagonal cracking mechanisms are compatible with the observed cave failures
(Diederichs and Kaiser 1999a, b; Andriani 2015) (Figure 16a, Figs. 17¢,f).

It is remarked that failed blocks identified in the field belong to only one formation, as they are char-
acterized by different mechanical behaviour. Indeed, heavy physical and mechanical weathering
along the coastline causing strength loss acts on the two units with different degrees. Weathering
processes are significant in the Calcarenite di Gravina Fm., in which progressive microcracking, disso-
lution of the fine cementation and salt crystallization determine granular disaggregation (Andriani
and Pellegrini 2014). On the other hand, the less porous and more cemented limestones and dolo-
stones belonging to the Calcare di Bari Fm. are less susceptible to weathering processes, even if
strongly jointed and affected by karst.

Cliff retreat in the study site is represented by episodic and localized failures that, even if involving
small volumes (see section 5.3.5), can represent a serious risk considering the presence of people,
especially during the busy summer season. Moreover, it cannot be excluded that cyclic daily and an-
nual thermal variations might contribute to rock mass degradation and induce deformation along the
discontinuities. Hence, the cumulative effects of slight but repeated thermal perturbations may cause
failure of rock blocks in the long-term (Tsesarsky and Hatzor 2009; Villarraga et al. 2018; Marmoni et
al. 2020). In addition to the mentioned factors, cyclic wave action at the sea level and seismic activity
could trigger future failures. Polignano a Mare locality is characterized by low seismicity and the
earthquakes recorded so far took place in the neighbouring seismogenetic zones (Gargano, Basilicata,
Calabria, central-southern Apennines, Albania, Greece), therefore seismic actions represent a minor
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hazard for coastal landslides. As reported by Andriani and Walsh (2007), attention should be paid to
sea storms, which caused major retreat events in the surrounding area. The study area is character-
ized by a typical Mediterranean climate with dry summers, mild winters and low precipitations. How-
ever, the prevailing winds, with particular reference to those coming from N, NNW and NNW, can
cause intense storms (Maracchione et al. 2001), with broken waves that can reach the houses located
at 20 m a.s.l. Even minor events prolonged over time can lead to a considerable strength reduction,
as long-lasting cyclic loads caused by wave action can generate crack initiation and propagation
(Brossard and Duperret 2004; Adams et al. 2005; Sunamura 2015). Unquestionably, the presence of
joints and karst features within the rock mass reduce even more its resistance against wave assault.
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Figure 7.15: Examples of failures at Lama Monachile site: (a, c, e) wedge slide of the largest potential failure detected, approximate vo-lume of 815 m3 (measured on the
UAV point cloud by means of Poisson Surface Reconstruction); (b, f) falls of overhanging blocks; (d) planar slide.
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Figure 7.16: Other examples of failures at Lama Monachile site: (a) partial collapse of the cave roof; (b) potential
instabilities of overhanging blocks which may fall, slide or topple along sub-vertical fractures; (c) failures of
tabular blocks determined by the intersections of JS1 and JS2 detected in the point cloud.
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Figure 7.17: Sketches of the main failure modes occurring in the study area: (a) rockfall determined by the
detachment of overhanging blocks from sub-vertical fractures and/or tension cracks; (b) topple of blocks from
sub-vertical fractures and/or tension cracks; (c) planar slide of blocks delimited by sub-vertical discontinuities
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and bedding surfaces gently dipping towards the sea; (d) failure of blocks generated by the intersection of two
perpendicular discontinuity sets, they occur in the form of falls (overhanging blocks) or slides (intersection line
dipping seaward); (e) partial detachment of the roof in the karst caves, favoured by the intersection between
subvertical joints and bedding; (f) progressive roof bending and breakdown in the karst caves.

7.3.8. Finite Element Method analyses
7.3.8.1. Three-dimensional model

Objectives

The results of field and remote sensing surveys, quantitative discontinuity characterization and phys-
ical and mechanical characterization of the rock materials were combined for a preliminary global
scale assessment of the cliff stability at Lama Monachile site. Three-dimensional numerical stability
analyses were carried out by means of a Finite Element Method approach using RS3 software
(Rocscience 2021c). This software allows the generation of advanced 3-D models through the combi-
nation of data collected by means of remote sensing techniques (i.e. point clouds or meshes), field
surveys and laboratory tests. Thanks to the user-friendly interface, it is possible to easily implement
discontinuities, water levels, loads, and excavations in the geometric model, and to build high-reso-
lution meshes. However, it must be specified that a good compromise between the objectives of the
analyses and the model set-up needs to be reached, especially if the computation is carried out by
means of standard computers. Further specifications on RS3 can be found at:
https://www.rocscience.com/help/rs3/overview/technical-specifications).

In a first phase, tests performed at a small scale allowed the identification of the areas of the rock
cliff more prone to failure, for further investigation. A Digital Terrain Model derived from 1-m resolu-
tion LiDAR data (retrieved from www.sitpuglia.it) of a larger area was set as geometric model. The

analysis carried out setting a simple elastic constitutive model allowed to identify the critical area of
the higher-resolution point cloud of Lama Monachile site (Figure 7.18).

Model set-up
e Geometric model

The geometric domain of the area of interest was built by importing and simplifying the correspond-
ing triangulated surface in RS3 and adding a volume below the sea level, according to the bathymetry
of the area. Vertical and horizontal boundaries were set respectively at the sides and top-bottom of
the rock slope to delimit the numerical domain. The Calcare di Bari Fm. and the Calcarenite di Gravina
Fm. were delimited tracing a plane along the geologic contact.

e Water conditions, loads and restraints

A water table was added in correspondence of the present sea level, whilst the weight of the water
column above the immersed volume was simulated by means of a ponded water load. In addition,
the weight of the buildings located on the top of the cliff was reproduced using a 60 kPa (overesti-
mated for precautionary purposes) uniform load on the top surface of the model. The restraints were
assigned according to the site conditions.

It is specified that the abovementioned elements were assigned through a chronological multi-stage
procedure to obtain a more realistic model.
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e Lithotechnical characterization
To evaluate the effects of joints implementation in FEM methods, the physical and mechanical prop-

erties of the rock materials were set following two approaches:

a. Continuum-equivalent approach: the equivalent Mohr-Coulomb parameters of the rock mass
were evaluated through the linearization of the generalised Hoek-Brown failure criterion
(Hoek and Brown 1980, 2019; Hoek et al. 2002; Marinos 2017) using the GSI values defined
for the lithotechnical units, according to the site conditions (Table 7.6). The Calcarenite di
Gravina Fm. was assumed to behave as an elastic-perfectly plastic medium, with cohesion
¢’=100 kPa, friction angle $=33° and tensile strength 0:=100 kPa. The Calcare di Bari Fm. was
considered as an elastic-perfectly plastic medium, with cohesion ¢’=418 kPa, friction angle
¢’=54° and tensile strength 0:=418 kPa.

b. Anisotropic approach: the rock mass was considered as formed by an anisotropic matrix (in-
tact rock) affected by lower strength properties along the discontinuity sets. A jointed Mohr
Coulomb strength criterion (Rocscience 2021c) was set by using the equivalent Mohr-Cou-
lomb parameters of the intact rock (GSI=100) and adding the discontinuity sets according to
the mean orientations defined in section 5.3.5 (Table 7.7). With regards to the Calcarenite di
Gravina Fm., the intact rock was characterized by ¢’=200 kPa, ¢’=33° and 0:=200 kPa, whilst
two sub-vertical joint sets were implemented assigning a Mohr-Coulomb failure criterion,
with ¢’=50 kPa, ¢’=35° and 0:=50 kPa. It is specified that the cohesion and tensile strength of
the discontinuities were related to the presence of rock bridges. Since the percentage of rock
bridges could not be defined in the field, a sensitivity analysis was later carried out to evaluate
the factor of safety for different rock bridges percentages. The friction angle was estimated
by adding the joint roughness contribute to the base friction angle, obtained from reference
tables (Barton and Choubey 1977).

Concerning the Calcare di Bari Fm., ¢’=6700 kPa, ¢’=54° and 0:=6700 kPa were assigned to
the intact rock. Following the same procedure, three discontinuity sets (2 sub-vertical joint
sets and bedding) with ¢’=1675 kPa, ¢’=45° and 0:=1675 kPa were added.

As regards the physical properties of the rock materials, the data in Table 7.1 were used. It is
specified that, for the sake of simplicity and for precautionary purposes, the properties of the
micritic limestones were assigned to the Calcare di Bari Fm. The physical and mechanical
properties of the Calcarenite di Gravina in wet conditions were used to take into account the
effect of marine spray and wave splashing, considering the higher porosity.
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Table 7.6: Geotechnical parametrization of the continuum approach. Equivalent Mohr-Coulomb parameters
obtained for each lithotecnical unit through the linearization of the generalized Hoek-Brown failure criterion.

INPUT OUTPUT
Lithotechnical s E Unit Slope Cohesion  Friction Tensile
unit [kpc] GSI mi D [kPIa] weight height (o4 angle strength
a
[kN/m?3] [m] [kPa] ¢’ [°] ot [kPa]
Calcarenite
. . 218000 65 8 0 2050 19 20 100 33 100
di Gravina Fm.
CalcarediBari /o000 50 9 0 19800 25 20 418 54 418

Fm.

Table 7.7: Geotechnical parametrization of the anisotropic approach. Equivalent Mohr-Coulomb parameters
obtained for each lithotecnical unit through the linearization of the generalized Hoek-Brown failure criterion.

INPUT OUTPUT

Lithotechnical s ' Unit Slope Cohesion  Friction Tensile

unit ¢ GSI mi D ' weight height (o4 angle strength

[kPa] [kPa] 2 ) o
[kN/m?3] [m] [kPa] ¢’ [°] ot [kPa]

Calcarenite
. . 218000 100 8 0 2050 19 20 200 33 200
di Gravina Fm.
CalcarediBari /.00 100 9 0 19800 25 20 6700 54 6700

Fm.

Mesh generation
For both the models, a three-dimensional mesh formed by about 1,800,000 4-nodes tetrahe-

dral elements was generated. In order to successfully carry out the stability analyses at accepta-
ble times with a standard computer, the average element size was set to 0.40 m in the target
area and to 2.7 m in the adjacent zones (Figure 7.18).

- Calcarenite di Gravina Fm. l:' Calcare di Bari Fm.

Figure 7.18: Geomechanical model (a) and discretised mesh (b) built for the 3-D FEM analyses.

182



Multidisciplinary approach for stability analyses of rock masses: integration of field surveys, remote sensing
techniques and numerical modelling

Computation
For both model a and model b, two types of simulations were performed:

1.

In a first phase, the initial stress state was calculated by means of a gravity loading procedure.
In a second phase, an elastic-perfectly plastic behaviour was assumed for the lithofacies.
Lastly, after the models converged, the Shear Strength Reduction (SSR) method (Matsui and
San 1992; Griffiths and Lane 1999; Dawson et al. 1999; Hammah and Yacoub 2006; Hammah
et al. 2007) was carried out through the progressive reduction of the rock mass strength
properties to calculate the factor of safety (FS) of the cliff and to simulate the cliff failure,
aimed at observing the potential unstable areas, as well as the failure mechanisms.
Sensitivity analyses for the intact rock properties were performed keeping the friction angle
fixed and setting the cohesion and tensile strength in the range of 100-10 % of the initial
values, to simulate different weathering degrees and to identify the entity of mechanical
strength loss for which failure occurs. Sensitivity analyses were additionally carried out on
model b to observe the relationship between the factor of safety and the properties of the
joints introduced in the form of anisotropic surfaces. The cohesion and friction angle of the
joints were set in the range 1-100 % of the intact rock properties.

Results and interpretation

1.

At a first stage, the initial gravity loading and plastic calculation resulted in convergence of
both models. The values of the FS calculated by means of the SSR method are 2.70 and 4.70
for the continuum-equivalent and anisotropic models, respectively. However, it is outlined
that the values reported here and in the sections below are indicative as the FS depends on
the combination of many factors (i.e. initial conditions and loading sequence imposed to the
model, presence of very small localized failures causing the non-convergence of the model).
When failure occurs, the maximum shear strain is localized at the interface between the
lithotecnic units, at the base of the cliff and along indented surfaces, for both models (Figure
7.19a, Figure 7.20a). Note that Figures 7.19-22 are reported in larger size in the
Supplementary Materials. The larger total displacements are concentrated in the protruding
areas of the Calcarenite di Gravina Fm. and in correspondence of building structures at the
top of the cliff, both for the continuum-equivalent model and the anisotropic one (Figure
7.19b, Figure 7.20b). In addition, a potential unstable area was found on a cave roof in the
Calcare di Bari Fm. (Figure 7.19b, Figure 7.20b, right). More in-depth, analyses were carried
out along sections I-I’ and I-1I’ to detect potential differences of the failure mechanisms be-
tween the two approaches. Although the distribution of the total displacements appears the
same for the two models (Figure 7.21, Figure 7.22), a difference was found for the yielded
elements. In other words, for the continuum equivalent model the yielded elements are lo-
cated at the edges of the calcarenite unit and along the contact with the limestone unit (Fig-
ure 7.21, right). Yielded elements are also distributed in the overhanging zones and at the
base of the cliff. As regards the anisotropic model, the yielded elements are limited to the
calcarenite unit and involve larger zones (Figure 7.22, right).
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Figure 7.19: Maximum shear strain (a) and total displacements (b) of the continuum-equivalent model (model

a); FS=2.70.
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Figure 7.20: Maximum shear strain (a) and total displacements (b) of the anisotropic model (model b); FS=4.70.
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Figure 7.21: Cross sections I-I’ (a) and lI-1I’ (b) of the continuum-equivalent model (model a); left: total displa-
cements; right: yielded elements.
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Figure 7.22: Cross sections I-I’ (a) and II-II’ (b) of the anisotropic model (model b); left: total displacements;
right: yielded elements.
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Figure 7.23: Sensitivity analyses. (a) FS in function of the cohesion c and tensile strength o: of the intact rock (in
the range 25-100% of the assigned initial values); the red and blue curves represent respectively the continuum-
equivalent and anisotropic models. (b) FS of the anisotropic model in function of the cohesion c and tensile
strength o: of the joints implemented in the model (in the range 25-100% of the intact rock). It is specified that
further reduction of c and o: caused non-convergence of the models for both sensitivity analyses.

2. Sensitivity analyses performed on the continuum-equivalent and the anisotropic models il-
lustrate how FS decreases as the cohesion and tensile strength of the rock materials are re-
duced. For the continuum-equivalent model, failure occurs when ¢’ and o are less than 40%
with respect to the initial assigned values, whilst the anisotropic model converged even with
a 75% reduction of the strength properties (Figure 7.23a). Moreover, the sensitivity analysis
carried out changing the joints strength properties of the initial anisotropic model (c’, o
=100%) point out that the cliff is stable until the discontinuities have cohesion and tensile
strength values larger than 25% with respect to the intact rock (Figure 7.23b). This means
that, for the case study, approach b converges if the implemented anisotropies correspond
to non-persistent discontinuities, with at least 25% of their size formed by rock bridges. In-
deed, the non-persistence of the discontinuities was confirmed by the conventional geostruc-
tural and geomechanical surveys, as well as by the 2-D quantitative characterization.

7.3.8.2. Two-dimensional model

Objectives

Further analyses were performed to investigate different geological processes that might originate
the rock slope failure. Due to the computational limits when dealing with complex 3-D models and to
the necessity of conducting a significant number of simulations, a bi-dimensional FEM approach was
adopted by means of RS2 software (Rocscience 2021a), which is the 2-D equivalent of RS3 (the tech-
nical specifications can be found at: https://www.rocscience.com/help/rs2/overview/technical-spec-
ifications). Being located in the most critical zones, sections I-I’ and II-II’ were used to perform this
study, also in the perspective to achieve more detailed results through a finer mesh. A first model
was generated according to the continuum-equivalent approach showed in section 5.3.8.1. Later on,
a second model was obtained by introducing a joint network in both Calcare di Bari and Calcarenite
di Gravina formations. It is specified that the discontinuity sets were implemented as interfaces and
not as anisotropic zones, as in the 3-D model. The simulations were carried out on both models, to
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compare the results and observe the effects of joints implementation in traditional continuum or
continuum-equivalent FEM models.

Model set-up and mesh generation
The geometric model was built importing the two sections in RS2 software and adding the water
conditions, loads and restraints as in the 3-D model.

e Continuum-equivalent model

The Calcarenite di Gravina Fm. and the Calcare di Bari Fm. were assumed as elastic-perfectly plas-
tic Mohr-Coulomb materials, with ¢’=100 KPa, 0:=100 kPa, ¢’=33 ° for the calcarenite unit and
c'=418 KPa, 0:=418 kPa, ¢'=54 ° for the limestone unit. As in the 3-D model, these data were
obtained through the linearization of the generalised Hoek-Brown criterion for the estimation of
the rock mass equivalent Mohr-Coulomb parameters. About 16,000 and 18,000 six-node triangu-
lar elements were created during the discretisation and mesh generation for section I-I" and sec-
tion II-1I’, respectively.

e Jointed model: in this case, the lithotechnical units were considered as elastic-perfectly plastic
Mohr-Coulomb media with GSI=100. For the Calcarenite di Gravina Fm. ¢”’=200, ¢'=33° and
0+=200 kPa, whilst for the Calcare di Bari Fm. ¢’=6700 kPa, ¢'=54° and 0:=6700 kPa. Two joint
networks, made up of discontinuities according to the definition proposed by Goodman and Shi
(1985) were introduced in the lithotechnical units in the form of interfaces (mesh-less elements),
preserving numerical continuity between the adjacent sectors. With regards to the Calcarenite
di Gravina Fm., a sub-vertical joint set was introduced based on qualitative observations in the
field and on point clouds inspection (see Figure 7.5). Two sub-vertical joint sets and the bedding
surfaces were introduced in the Calcare di Bari Fm. More in detail, since the analyzes sections
are not parallel to the mean strike of the sub-vertical joint sets, both of them were supposed to
intersect the model. The distributions obtained from the 2-D quantitative analyses of the discon-
tinuity traces (section 5.3.5) were used to generate the sub-vertical joint sets by means of Dis-
crete Fracture Network (DFN) approach (Dershowitz and Einstein 1988; Merrien-Soukatchoff et
al. 2012; Havaej et al. 2016; Montiel et al. 2020). The results of digital scanlines along the bedding
surfaces of the rock mass were used to produce the bedding surfaces.

This approach allowed a more realistic representation of the discontinuity sets by taking into
account the sets mean spacing, trace length and persistence. With regards to the persistence,
this work refers to the definition proposed by Einstein and co-workers and Hudson and Priest
(Einstein et al. 1983; Hudson and Priest 1983). In detail, in the bi-dimensional space, the discon-
tinuity persistence can be expressed as the limit length ratio along a given line on a joint plane:

I,
K = lim Z—l
Ls—x 2 Lg

i

where L; is the length of a straight line segment S and I, is the length of the i-th joint segment
in S. In other words, persistent joints are represented by continuous traces (Figure 7.23a), whilst
non-persistent joints are either intermittent (Figure 7.24b) or made up of separate segments
(Figure 7.24c) (Hudson and Priest 1983). In both cases, the shear strength of non-persistent dis-
continuities is related to the rock bridges located between the discontinuity segments (Figure
7.24d). Based on field observation and quantitative discontinuity analyses, the sub-vertical joint
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sets of the numerical model were considered as non-persistent, both for the Calcarenite di
Gravina Fm. and Calcare di Bari Fm, although with different rock bridges percentages. Con-
versely, persistent discontinuities were attributed to the bedding surfaces of the Calcare di Bari
Fm.

a b __c d

£ Rock bridge ~

+ Rock bridge

Figure 7.24: Persistence definition used in this study. (a) persistent discontinuities; (b) intermittent discontinui-
ties; (c) separate non-persistent discontinuities (after Riquelme et al. 2018); (d) modelling of non-persistent
discontinuities: the tensile strength o: and cohesion c along a discontinuity is related to ctand ¢’ of the intact
rock in correspondence of the rock bridges (modified after Riquelme et al. 2018).

The strength properties of the joints were assigned according to the Mohr-Coulomb failure cri-
terion. Specifically, for all the discontinuity segments, the cohesion and tensile strength were set
to zero, while a friction angle of 35° and 45° were assigned to those belonging to the calcarenite
and limestone units, respectively, according to the procedure illustrated in the paragraph above.
The discretized meshes are made up of about 29,800 for section I-I’ and about 30,000 for section
[-1r.

The final models are shown in Figure 7.25.
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Figure 7.25: Model set-up of section I-I’ (a) and section lI-II’ (b). To the left, continuum-equivalent model; to the
right, jointed model.
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Simulations and computation
For each model, the following simulations were carried out:

1. At a first stage, the gravity loading and plastic computation were run for each section. The SSR
method was carried out through the progressive reduction of the rock materials strength proper-
ties to determine the FS and the failure mechanisms. Moreover, a sensitivity analysis was carried
out to point out the effects of rock mechanical degradation (lowering the cohesion and tensile
strength of the rock materials in the range 40-100% of the initial values) on the slope stability
using both approaches.

2. Several excavations were simulated at the cliff foot on the continuum-equivalent and the jointed
models to investigate the role of sea erosion in the cliff stability, and to assess any difference
between the approaches used. The tests were executed by changing the horizontal erosion depth
of the notch, until reaching the critical conditions (FS close to 1). Later on, keeping an erosion
depth for which both models converged, the rock materials strength was gradually reduced in
terms of cohesion and tensile strength, until reaching incipient failure. This simulation was done
to observe the effects of different environmental weathering degrees on the stability of the cliff,
modelled through the continuum-equivalent and the jointed models.

3. Tension cracks were implemented by adding vertical joints in the form of interfaces and re-mesh-
ing the initial models (without erosion notch). The distance between the tension crack and the
external border of the model (towards the sea) was progressively reduced to detect the threshold
beyond which failure occurs. Moreover, at critical distance, the rock materials strength properties
were reduced until reaching non-convergence of the models, to observe the effects of rock deg-
radation on the cliff affected by a tension crack. Finally, the combined action of tension crack de-
velopment and sea erosion were examined by keeping the tension crack at a fixed distance
(though stability was preserved) and deepening the marine erosion notch, until producing incipi-
ent failure.

Results and interpretation
e The FS values of section I-I" are 2.93 for the continuum-equivalent model and 6.83 for the
jointed model. These results are in agreement with the theory proposed by Tsesarsky and
Hatzor (2009), developed by means of generalized rigid body analyses and numerical discon-
tinuous deformation analyses. According to this theory, overhanging slopes with eccentricity
ratio e = B/L>0.4, where B and L are respectively the base and the top surface lengths, are in
stable conditions. As a matter of fact, the minimum eccentricity ratio e for section I-I' is 0.89,
hence ensuring the stability according to the mentioned theory. When non-convergence is
obtained by means of SSR technique, the failure of the continuum-equivalent model occurs
through a sliding surface developed from the toe to the top of the cliff (Figure 7.26 al-cl).
Note that Figures 7.26-31 are reported in larger size in the Supplementary Materials. In ad-
dition, the external volume just below the buildings, delimited by a surface dipping towards
the slope, tends to topple. The yielded elements are localized along these surfaces and mostly
in the Calcarenite di Gravina Fm. It has to be specified that the displacements shown in the
figures are exaggerated to better visualise the movements and deformations, but the conti-
nuity condition is preserved, as a fundamental assumption of the Finite Element Methods
(Jing 2003; Hammah et al. 2008). In other words, detachments of individual blocks are not
allowed in these simulations. As concerns the jointed model, a rotational slide is limited to
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the Calcarenite di Gravina Fm., whilst rock blocks delimited by the discontinuity sets are
prone to sliding and toppling processes in the Calcare di Bari Fm. (Figure 7.26 a2-c2). The
yielded joints contributing to the cliff instability are illustrated in Figure 7.26 c2.

e For section II-Il, the FS values are 1.33 and 4.14 respectively for the continuum-equivalent
and the jointed models. Also in this case, the results are in agreement with the theory pro-
posed By Tsesarsky and Hatzor (e=0.87). When failure is achieved, a shear band from the base
of an overhanging block to the top of the cliff forms in the continuum-equivalent model (Fig-
ure 7.26 d1-f1). At the small scale, the volume of the slope delimited by this shear band is
prone to sliding. However, the load exerted from the buildings located on the top causes a
smaller wedge failure and the toppling of the block located on the external edge of the model.
As for section I-I’, the yielded elements are concentrated in the calcarenite unit. Although
similar mechanisms characterize the jointed model, localized failures occur in the form of

slides and topples in the same volume (Figure 7.26 d2-f2).
SECTION I-I’ SECTION II-1I"

Min=0.00
Max=5.50

U

6-00
Max=0.14 Max=9.34
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|
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Figure 7.26: Critical failure mechanisms of sections I-I’ and II-II’ for the continuum-equivalent model (left) and
the jointed model (right) produced by means of the SSR method. (a, d) maximum shear strain; (b, e) total dis-
placements with deformation contours; (c1, f1) yielded elements for shear and tension; (c2, f2) yielded joints.
Note that the displacements are exaggerated for visualisation purposes. For both sections, the failure me-
chanism of the continuum-equivalent model is represented by the sliding of the area dipping towards the sea
and a slight toppling of the sector on the edge. For the jointed models, failure involves rock blocks delimited by
the discontinuity sets. While rotational movements affect the Calcarenite di Gravina Fm., slides and topples

affect the Calcare di Bari Fm.

The results of the sensitivity analyses performed on the jointed model by reducing the cohesion and
tensile strength of the rock materials show that, despite a rock mechanical degradation of 60%, both
sections are in stable conditions. On the contrary, using the continuum-equivalent model, a strength
reduction of 60% and 45% can cause the failure of section I-I" and II-II’, respectively (Figure 7.27).
However, the mechanical properties of the joints implemented in the jointed model were not
changed. This is a limitation which can be improved for future studies, because chemical alteration
and mechanical degradation, especially at the sea level, are more likely to reduce the discontinuities
strength properties.
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Figure 7.27: Sensitivity analyses showing the FS in function of the cohesion ¢’ and tensile strength o: of the
intact rock (in the range 40-100% of the assigned initial values) of section I-I’ (a) and section II-II’ (b). The red
and green curves represent the continuum-equivalent and the jointed models, respectively.

Effects of marine erosion and tension crack formation

Section I-I

A significant marine erosion depth is required to produce the cliff failure using the continuum-
equivalent approach (about 5 m, Figures 7.28 al,3). Conversely, according to the results of the
jointed model, an erosion depth of 1.5 m would be enough to cause the failure (Figures 7.28 a2,4).
Whilst the failure of the former model involves the volume delimited by a shear surface develop-
ing from the notch to the top of the cliff, the latter is characterized by rotation of the sector just
above the notch, with slides and topples of smaller rock blocks. With an erosion depth of 1 m for
both models, strength reductions of 50% and 25% are needed, respectively, for the continuum-
equivalent and the jointed model to produce the cliff failure.

The results of these tests point out that, despite the jointed model has a high FS, the failure is
achieved much earlier than in the continuum-equivalent model (considering that the marine ero-
sion notch deepens with time), and involves smaller volumes. At the same time, small degrees of
weathering have a major impact on the cliff stability of the jointed model with respect to the con-
tinuum-equivalent one. It is outstanding that the parametric analyses show that the continuum-
equivalent model is more susceptible to rock mechanical degradation than the jointed model. This
contradiction can be due to the fact that, at critical conditions, the implemented joint sets play a
key role on the cliff stability. In addition, any further deepening of the marine notch interacts with
the sub-vertical joints and the bedding, causing the partial detachment of rock blocks.

When a slightly cemented (c’=10 kPa, 6:=10 kPa) tension crack develops parallel to the slope, the
cliff stability is preserved when its distance from the external border is larger than about 4 m, for
both models (Figure 7.29 al-4). A shear surface develops from the toe of the cliff towards the
tension crack, casing the rotation of the delimited volume. The continuum-equivalent model illus-
trates a flexural toppling mechanism (Figure 7.29 a3), whilst the bedding surfaces of the jointed
model contribute to the simultaneous sliding of the volume (Figure 7.29 a4). In critical conditions,
a reduction of 25% of the mechanical properties of the rock materials can cause the cliff failure of
the jointed model (Figure 7.29 b1-2). The level of strength reduction for the continuum-equivalent
approach is 50% (Figure 7.29 b3-4). Moreover, in critical conditions, the continuum-equivalent
model indicates failure with a less intense marine erosion process compared the jointed model
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(0.5 m against 1.0 m) (Figure 7.29 c1-4). It has to be noted that the instability occurred by intro-
ducing the tension cracks is in agreement with the theory proposed by Tsesarsky and Hatzor
(2009), as the eccentricity ratio of the overhanging zone (average eccentricity=0.44 for simulations
al-c4) is very near to the threshold established by the authors (i.e. 0.40).

al Min=0.00 a2
Max=1.83

- N

Notch depth=1.5m

Notch depth=5.0 m

Min=0.00 m

Min=0.00 m
a3 Max=0.15 m a4 Max=0.96 m

Notch depth=5.0 m Notch depth=1.5m

Notch depth=1.0 m il Notch depth=1.0 m
Strength reduction=50% Strength reduction=25%

Min=0.00 m in=
b3 b4 Min=0.00 m

Notch depth=1.0 m : Notch depth=1.0 m
Strength reduction=50% Strength reduction=25%

Figure 7.28: Critical failure mechanisms of section I-I’ produced simulating marine erosion. Note: due to soft-
ware rendering, the notch is only visible with extensive zoom. It is specified that, for all the following images,
the morphology is similar to that illustrated in Figure a2, although with different notch depth. Top window: sea
erosion process; (al-2) maximum shear strain of the continuum-equivalent (al) and the jointed models (a2);
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(a3-4) total displacements and deformation contours of the continuum-equivalent (a3) and the jointed models
(a4). Small erosion depths (>1.5 m) can cause the failure of the jointed model. The contours of the continuum-
equivalent model indicate a composite movement (sliding and toppling) of a larger area compared to the
jointed model, which in turns is characterized by the failure of smaller blocks defined by the discontinuity sets.
Bottom window: combination of sea erosion and weathering processes; (b1-2) maximum shear strain of the
continuum-equivalent (b1) and the jointed models (b2); (b3-4) total displacements and deformation contours
of the continuum-equivalent (a3) and the jointed models (b4). Although the kinematics are similar to the pre-
vious simulation, for an erosion depth of 0.50 m, a small degree of weathering (25% strength reduction) can
cause the rock slope failure for the jointed model. Both for the continuum-equivalent and continuum approach,
the erosion process favours the toppling of the sector located just above the notch.

Tension crack distance=4.0 m Tension crack distance=4.5 m

Strength reduction=50% Strength reduction=25%

Min=0.00 Min=0.00 m
Max=3.36 B Max=0.57 m
Notch depth=0.5 m Notch depth=1.0 m Notch depth=0.5 m

Figure 7.29: Critical failure mechanisms of section I-I’ produced introducing a slightly cemented tension crack.
To the left (a1, a2, b1, b2, c1, c2), maximum shear strain. To the right (a3, a4, b3, b4, c3, c4), total displacements
with deformation contours. (al-4) minim external edge-tension crack distance, beyond which failure occurs.
(b1-4) with a tension crack located at 4.0 m from the external edge, failure occurs with a 50% and 25% reduction
(in terms of cohesion and tensile strength of the rock materials), for the continuum-equivalent and jointed
models, respectively. (c1-4) with the same tension crack, failure is also achieved when marine erosion develops,
with a notch depth of 0.5 and 1.0 m respectively for the continuum-equivalent and for the jointed models. For
all the simulations, flexural toppling characterizes the continuum-equivalent model. As regards the jointed mo-
del, a volume just above the sea notch is subjected to composite toppling and sliding, using a bedding surface
as base plane.

Section II-II’

e Asinsection I-I’, a very small erosion depth (0.5 m) can cause the cliff failure of the jointed model,
whilst the continuum-equivalent approach shows that the cliff is stable even with an erosion depth
of 5m Figure 7.30 a1,3). The failure mechanism of the continuum-equivalent model is represented
by the sliding along a surface extending from the notch to the top of the cliff. As concerns the
jointed model, localized failures in correspondence of the notch caused non-convergence of the
analysis (Figure 7.30 a2,4).
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The jointed model appears less sensitive to the strength reduction of the mechanical properties
of the rock materials, compared to the continuum-equivalent model (75% vs 25%). This result is
not consistent with that of section I-I. A possible explanation is that the initial continuum-equiv-
alent model (without erosion and strength reduction) is close to failure (FS=1.33), so that any rock
mechanical degradation causes non-convergence.

al

Notch depth=0.5 m
Strength reduction=75%

Notch depth=0.5 m e 5 i s
Strength reduction=25% eng ed 0 %

Figure 7.30: Critical failure mechanisms of section II-1I’ produced simulating marine erosion. Top window: sea
erosion process; (al-2) maximum shear strain of the continuum-equivalent (al) and the jointed models (a2);
(a3-4) total displacements and deformation contours of the continuum-equivalent (a3) and the jointed models
(a4). For the continuum-equivalent model, a failure surface develops from the notch at the base of the cliff foot
to the top. Conversely, the jointed model is characterized by the failure of rock blocks at the erosion notch (a2).
A non-realistic sea erosion depth (>5 m) is required to have the continuum-equivalent models failed, whilst less
intense processes (erosion depth >0.5 m) can produce the failure of the jointed models.
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As for section I-I’, the critical distance of a slightly cemented tension crack needed to preserve cliff
stability is similar for the continuum-equivalent and the jointed models (about 5 m) (Figure 7.31
al-4). For the continuum-equivalent model, shear structures concentrate at mid-height of the
slope and cause the flexural toppling of the volume above (Figure 7.31 al,a3). As regards the
jointed model, the presence of the tension crack favours the partial detachment of the external
sector at the top of the cliff, whose strain is also determined by the weight of the buildings located
above (Figure 7.31 a2,a4). In addition, localized failures within the same volume occur along the
discontinuity systems.

In critical conditions (tension crack located at 5.5 m from the edge), the percentage of mechanical
degradation which can cause non-convergence is the same for both models (75%) (Figure 7.31 b1-
4). In addition, the same notch deepening (about 0.50 m) with a tension crack located at critical
distance causes the cliff failure, using either the continuum-equivalent approach or the jointed
one (Figure 7.31 c1-4).

As regards the kinematics of the continuum-equivalent model, weathering processes cause a ma-
jor effect with respect to the tension crack, because failure occurs through a surface independent
from the tension crack (Figure 7.31 b3). The notch deepening results in a larger height of the failed
volume (Figure 7.31 c3). The failure mechanisms of the jointed model with the tension crack,
whether isolated or coupled with the weathering or the erosion notch, are similar (Figure 7.31 a4,
b4, c4). However, local failures at the notch were detected (Figure 7.31 c4). This is in agreement
with the failures observed by means of field and point clouds observations, through which por-
tions of strata detached from the bedding surfaces were observed at the present sea level. Also
in this case, the eccentricity ratio in critical conditions is close to that proposed by Tsersarsky and
Hatzor (2009). As a matter of fact, the mean eccentricity ratio for simulations al-c4 is equal to
0.44, whilst the value proposed by the authors is 0.40.

Min=0.00 Max=0.83 Min=0.00 Max=11.03 Min=0.00m Max=8.48 m Min=0.00m Max=4.22 m

Tension crack distance=5.0 m || Tension crack distance=5.5 m

Min=0.00 Max=0.14 Min=0.00 Max=9.08 Min=0.00m Max=0.40 m Min=0.00m Max=1.47 m
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Figure 7.31: Critical failure mechanisms of section II-II" with a slightly cemented tension crack. To the left (a1,
a2, bl, b2, c1, c2), maximum shear strain. To the right (a3, a4, b3, b4, ¢3, c4), total displacements with
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deformation contours. (al-4) minim external edge-tension crack distance, beyond which failure occurs. (b1-4)
with a tension crack located at 5.5 m from the external edge, failure occurs with a 75% strength reduction for
both models. (c1-4) with the same tension crack, failure occurs for both models with an erosion depth of about
0.5 m. As concerns the continuum-equivalent model, a volume detached from the tension crack topples to-
wards the sea. The deepening of the marine erosion notch slightly increases the height of the failed block. When
the strength properties are reduced of 75%, the failure is caused by sliding and rotational surfaces in the upper
part of the cliff. As regards the jointed model, a rock mass portion delimited by the tension crack is subjected
to toppling and localized failures of rock blocks in the external area. The 75% strength reduction causes the
failure of a wedge on the top of the model (b4), probably because of the load exerted by the buildings. The
marine erosion process produces also small failurew in correspondence of the notch (c4).

7.3.8.3. Remarks

Despite the numerical analyses were carried out using two different systems (3-D and 2-D), some
interesting results emerged. Both techniques indicate that the case study is currently in stable condi-
tions, with a minimum FS value of 2.03 (2-D analysis, section II-Il’, continuum-equivalent approach).
In general, the mechanical degradation of the rock materials as consequence of environmental
weathering processes can expose the overhanging areas of the weaker Calcarenite di Gravina Fm., as
well as the karst caves roofs and indented zones, to local failures (i.e. Figures. 7.19-22). It is remarked
that the critical degree of weathering beyond which failure occurs can be quite different, depending
on the approach used (i.e. continuum equivalent or anisotropic/jointed).

As concerns the failure mechanisms, both 3-D and the 2-D continuum equivalent models indicate
that, despite the yield is mostly concentrated in the calcarenite units, the failure surfaces develop
from the foot of the cliff, in correspondence of the sea notch, to the top (Figure 7.21, Figure 7.26 al-
c1, d1-f1). Contrarily, the 3-D anisotropic model and the 2-D jointed model show that the rock mass
degradation causes small-size local failures of the overhanging areas (Figure 7.22, Figure 26 a2-c2,
d2-f2). However, whilst the 3-D model detected instabilities only in the calcarenite unit, the 2-D
model highlighted mobilisation also in the upper part of the Calcare di Bari Fm. With regard to the 3-
D model, it is specified that the presence of soft rocks on the top of the cliff might have caused a
localized concentration of displacements and strains and masked smaller values in the Calcare di Bari
Fm. Another possible explanation for this discrepancy is that the strength reduction factor used dur-
ing the SSR phase of the 3-D model reduced the Calcarenite di Gravina mechanical properties until
reaching a critical condition, contrarily to the Calcare di Bari Fm. that, even if characterized by anisot-
ropy along the discontinuity sets, did not fail. On the contrary, the degradation of the rock materials
of the 2-D model caused an incompatibility with the strength properties of the joint networks (struc-
tural interfaces) in both formations, producing local failures in the upper part of the limestone unit.
Based on these observations, it is believed that the failure mechanisms depicted through the contin-
uum-equivalent models may occur at the global scale and over long terms. More in detail, the failure
mechanism observed for section I-I’ is in agreement with field observations and point clouds inspec-
tion, through which the progressive sliding of the same multi-block sector was recognized, as also
demonstrated by cracks in the overlying building (Figure 7.15e). According to the geostructural and
geomechanical surveys, localized failures through the mobilisation of rock blocks delimited by the
discontinuity systems and the topography are more frequent. As a matter of fact, several blocks of
well-defined shape (i.e. tabular blocks) were found at the base of the cliff and on the shore bottom.
Moreover, the marine erosion action, weathering processes (i.e. salt crystallization, marine spray,
rainfall water infiltration, wind erosion, etc.) and the formation of tension cracks parallel to the cliff
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are more likely to interact with the discontinuity systems and to determine failures even with little
processes, as outlined in section 7.3.8.2. As final remark, it must be specified that uniform weathering
processes were considered in all the simulations (as a current limitation of the FEM methods), but a
larger effect is expected along the discontinuity systems, especially at the sea level.

7.4. Conclusion

In this chapter an exhaustive procedure for hazard assessment in rock slopes was presented, as well
as its application to a case study. This methodology includes both conventional field surveys and the
application of UAV systems to carry out comprehensive geostructural and geomechanical analyses.
Particular focus was given to the quantitative characterization of the discontinuity sets that affect the
case study, with meticulous analyses carried out both in 2-D and 3-D to detect the number of discon-
tinuity sets and their mean orientation, spacing, trace length, and persistence, as well as to define
the probabilistic distributions of the mentioned properties. It is stressed that the results were vali-
dated by means of specific field surveys and that, despite the data obtained from point clouds were
in agreement, the data derived from 2-D analyses were considered more appropriate. As a matter of
fact, the investigated rock mass is constituted by sub-horizontal and sub-vertical surfaces (i.e. marine,
alluvial and anthropogenic terraces), therefore some discontinuities were subsampled during the
point cloud processing, as many of them are visible only in the form of traces. However, 3-D data
allowed a better estimation of the failed volumes and of the probabilistic distribution compared to
the 2-D analyses. It must be remarked that the physical and mechanical characterization of the rock
materials and of the discontinuities is essential to understand the rock mass mechanical behaviour
and to assemble a comprehensive geomechanical model. For this reason, specific laboratory tests
were carried out, both under dry and wet conditions, considering that the case study is a cliff sub-
jected to marine spray processes. As a matter of fact, a 50% tensile and uniaxial compressive strength
reduction was detected for the Calcarenite di Gravina Fm. In favour of safety, the physical and me-
chanical properties of the calcarenite unit in wet conditions were assigned to the geomechanical
model. However, since the mechanical properties of the discontinuities were deduced from the liter-
ature, future improvements may involve the execution of mechanical tests on the discontinuities,
although the sampling in the field would be quite challenging, considering low accessibility and law
restrictions. Artificial discontinuities and specific correlations could be alternatively used.

The geomechanical model allowed a preliminary assessment of the failure mechanisms by means of
kinematic analyses individually carried out on different sectors of the surveyed area. The results were
compared with those of field surveys and remote sensing investigations and the typical failure mech-
anisms of the case study were defined.

Later on, advanced 3-D and 2-D FEM analyses were carried out to study the site stability at the global
scale, and to simulate the effect of surface processes observed both in the field and on the DOMs (i.e.
weathering, tension cracks, marine erosion at the sea level). At this stage, a comparative analysis
between continuum-based and discontinuum (anisotropic and jointed models respectively for the 3-
D and 2-D analyses) approaches was presented, to observe the effects of the choice of the method
when dealing with numerical methods. The data collected by analysing the discontinuity traces were
fully exploited using the 2-D DFN approach, to achieve a more realistic model of the study site. As
concern the failure mechanisms, which were better represented through the 2-D analyses, the con-
tinuum-based technique depicted the sliding and rotation towards the sea of a larger sector of the
rock mass with respect to the discontinuum method, which showed smaller failures of volumes
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delimited by the discontinuity sets. Both mechanisms are in agreement with field observations:
global-scale failures may occur in long times, whilst smaller instabilities attributable to the failure of
rock bridges connecting the discontinuities, and in correspondence of the karst caves, are more prob-
able in the near future.

It must be remarked that the FEM method, which was used to study the effect of non-persistent joints
and because of software availability, does not allow complete detachment of rock blocks. However,
the failure mechanisms may involve isolated rock blocks, as locally observed in the field. As a matter
of fact, several discontinuities were found to be under yielding condition during the simulations (e.g.
Figure 7.26 c2, f2) and may play a key role on the mechanical behaviour of the rock mass. Hence, a
further specific approach could be addressed to the application of DEM aimed at considering also the
constitutive laws for joints and intact blocks, the forces between blocks and the motion law of each
block. An interesting research topic could deal with the comparison of the results shown by Tsesarsky
and Hatzor (2009) for a similar case study (dolostone succession with bedding and sub-vertical joint
sets). By direct comparison of DDA (Discontinuous Deformation Analysis) and FEM models, the au-
thors found out that the two approaches indicated the same failure mechanisms and displacements
of the slope face when no joints were implemented in the DDA analysis. When the joints were added
to the DDA simulation, the authors observed that the displacements were one order of magnitude
larger with respect to the FEM analysis, but the mode of failures were the same.

Moreover, non-uniform weathering and cyclic loads (i.e. earthquakes and sea storms) could be sim-
ulated to have a detailed overview of the study site and optimize the proposed methodology. Crack-
meters might be installed in the open discontinuities to investigate the role of cyclic and annual ther-
mal variations, and to eventually integrate them in the numerical models. Finally, the processes sim-
ulated, as well as the discontinuity sets in the form of joint networks, could be implemented in a 3-D
environment though, in this context, progresses in academic-software development and computing
technologies should be accomplished.
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7.5. Supplementary materials
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Figure S7.1: Kinematic tests for planar sliding (a), wedge sliding (b) and direct toppling (c) for Sector A. Impor-
tant note for the wedge sliding test (also for the figures below): most of the intersections between the planes
belonging to JS1 and JS2 are located exactly at the centre of the stereonet and are overlapped. It might appear
that no critical intersections are located inside the critical area, however it is just a visualization defect of the
used software and the results reported in the table should be considered.
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Figure S7.2: Kinematic tests for planar sliding (a), wedge sliding (b) and direct toppling (c) for Sector B.
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Figure S7.3: Kinematic tests for planar sliding (a), wedge sliding (b) and direct toppling (c) for Sector C.
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Figure S7.4: Kinematic tests for planar sliding (a), wedge sliding (b) and direct toppling (c) for Sector D.
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Figure S7.5: Kinematic tests for planar sliding (a), wedge sliding (b) and direct toppling (c) for Sector E.
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Figure S7.6: Kinematic tests for planar sliding (a), wedge sliding (b) and direct toppling (c) for Sector F.
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Figure S7.7: Kinematic tests for planar sliding (a), wedge sliding (b) and direct toppling (c) for Sector G.
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Model A — continuum-equivalent approach Model B — anisotropic approach
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Figures S$7.19 (left) and S7.20 (right): Maximum shear strain (a) and total displacements (b) of the continuum-equivalent model (left, FS=2.70) and of the anisotropic
model (right, FS=4.70).
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Figure S7.21: Cross sections I-I'(a) and II-1l /(b) of the continuum-equivalent model (model a); left: total displacements; right: yielded elements.

208



Multidisciplinary approach for stability analyses of rock masses: integration of field surveys, remote sensing techniques and numerical modelling

o
I

acom2
e
2007
2001
'Wv

l;lax= 0.0012 nlJ

‘

ol |

Min=0m

I I'Max=10(;%

' I%Aax: 0025012 m L" I I

Figure S7.22: Cross sections I-I’ (a) and lI-II’ (b) of the anisotropic model (model b); left: total displacements; right: yielded elements.
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SECTION |-V SECTION II-1V’

W1 TR
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Figure S7.26: Critical failure mechanisms of sections I-I ‘and II-1I’ for the continuum-equivalent model (left) and the jointed model (right) produced by means of the SSR
method. (a, d) maximum shear strain; (b, e) total displacements with deformation contours; (c1, f1) yielded elements for shear and tension; (c2, f2) yielded joints. Note
that the displacements are exaggerated for visualisation purposes. For both sections, the failure mechanism of the continuum-equivalent model is represented by the
sliding of the area dipping towards the sea and a slight toppling of the sector on the edge. For the jointed models, failure involves rock blocks delimited by the disconti-
nuity sets. While rotational movements affect the Calcarenite di Gravina Fm., slides and topples affect the Calcare di Bari Fm.
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Figure $7.29: Critical failure mechanisms of section I-I' produced introducing a slightly cemented tension crack. To the left (al, a2, b1, b2, c1, c2), maximum shear strain.
To the right (a3, a4, b3, b4, c3, c4), total displacements with deformation contours. (al-4) minim external edge-tension crack distance, beyond which failure occurs. (b1-
4) With a tension crack located at 4.0 m from the external edge, failure occurs with a 50% and 25% reduction (in terms of cohesion and tensile strength of the rock
materials), for the continuum-equivalent and jointed models, respectively. (c1-4) with the same tension crack, failure is also achieved when marine erosion develops, with
a notch depth of 0.5 and 1.0 m respectively for the continuum-equivalent and for the jointed models. For all the simulations, flexural toppling characterizes the continuum-
equivalent model. As regards the jointed model, a volume just above the sea notch is subjected to composite toppling and sliding, using a bedding surface as base plane.
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Figure S7.31.: Critical failure mechanisms of section II-1I” with a slightly cemented tension crack. To the left (a1, a2, b1, b2, c1, c2), maximum shear strain. To the right (a3,
a4, b3, b4, c3, c4), total displacements with deformation contours. (al1-4) minim external edge-tension crack distance, beyond which failure occurs. (b1-4) with a tension
crack located at 5.5 m from the external edge, failure occurs with a 75% strength reduction for both models. (c1-4) with the same tension crack, failure occurs for both
models with an erosion depth of about 0.5 m. As concerns the continuum-equivalent model, a volume detached from the tension crack topples towards the sea. The
deepening of the marine erosion notch slightly increases the height of the failed block. When the strength properties are reduced of 75%, the failure is caused by sliding
and rotational surfaces in the upper part of the cliff. As regards the jointed model, a rock mass portion delimited by the tension crack is subjected to toppling and localized
failures of rock blocks in the exter-nal area. The 75% strength reduction causes the failure of a wedge on the top of the model (b4), probably because of the load exerted
by the buildings. The marine erosion process produces also small failures in correspondence of the notch (c4).
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Chapter 8 Conclusion and future perspec-
tives

The research undertaken so far allowed the achievement of new findings on the applicability and
combination of remote sensing techniques and the conventional geostructural and geomechanical
surveys for rock mass stability analyses. In this chapter, the research questions and objectives posed
in Chapter 2 are answered in light of the outcomes emerged throughout this manuscript.

1. From a practical standpoint, is there any difference among TLS, traditional photogrammetry and
UAYV techniques, in terms of accuracy, site conditions, required time and economical resources?

2. Does the choice of the survey technique influence the results of rock slope characterization and
monitoring from point clouds or triangulated surfaces?

3. Moreover, when dealing with the extraction and characterization of discontinuity sets from
point clouds, regardless of the survey technique, does the chosen method provide different re-
sults with respect to the others proposed in the literature?

These questions were addressed in Chapter 5. The mentioned remote sensing techniques were used
to generate point clouds of a complex case study, characterized by limited accessibility, Mediterra-
nean vegetation, irregular surfaces related to weathering and karst dissolution of the rock materials
(e.g. discontinuities, dissolution voids and caves), marine, alluvial and anthropogenic terraces, human
interventions, dynamic disturbance, and low GPS signal.

As concern the accuracy of the datasets, it was found out that, in these complex conditions, the
Structure from Motion technique may suffer of misalignmentissues and “distortions” related to dom-
ing deformations (James and Robson 2014), which cannot be solved if it is not possible to place on
the field a sufficient number of Ground Control Points. This problem can be solved for UAV point
clouds by carrying out a fine registration process, using laser scanner point clouds as reference. How-
ever, during this study, it was observed that some problems of deformation remained unsolved for
the terrestrial SfM point cloud. The three types of remote sensing techniques, if carried out correctly,
are able to provide similar accuracies on simple geometries (e.g. building walls). However, TLS and
UAV techniques are more reliable when dealing with complex geometries like weathered and
karstified surfaces or discontinuities. Terrestrial SfM may provide the same accuracy level if profes-
sional cameras and lenses are used, in order to have denser point clouds. As regard the required time,
it is believed that the three techniques are comparable: if on the one hand UAV and manual-based
photos can be done in a few minutes (provided that the analyzed area is limited) as stated by Rosser
and co-workers, on the other hand they require longer processing and computing phases compared
to the TLS technique (Rosser et al. 2005). With regard to the economic resources, it is specified that,
as outlined by Stead and co-workers (Stead et al. 2019), laser scanner instruments are quite expen-
sive, hence other techniques may be alternatively used, if the accuracy is not of primary importance.
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When dealing with rock slope characterization, with particular reference to the discontinuity extrac-
tion, this study illustrated that the choice of the acquisition technique does not particularly influence
the results. More in detail, all the discontinuity sets of the case study were extracted in the three
types of point clouds by means of a semi-automatic approach. However, the percentage of poles of
each discontinuity set can vary according to the analyzed point cloud, especially if they are affected
by occlusions (shadow zones). By direct comparison with field-surveys, it is specified that UAV point
clouds, if correctly georeferenced, are more reliable to establish the weight of the discontinuity sets,
as they provide a full coverage of the area. Alternatively, occlusion problems in laser scanner point
clouds can be solved using more than one scan position, if accessibility is ensured. A special remark
is given for the use of more automated techniques for discontinuity extraction: not well-defined ge-
ometries might cause an incorrect classification of the poles into discontinuity sets, as observed in
Section 4.4.3. In these circumstances, UAV systems may be a good solution because the results can
be validated using RGB point clouds, high resolution photos or texturized meshes.

Rockfall source areas and human slope modifications can be detected by means of multi-temporal
acquisitions using UAV systems or TLS techniques, which are more accurate compared to terrestrial
SfM. The choice of the survey tool depends on the aim of the study: while laser scanners provide
accurate estimations of the failed volumes and have lower detection thresholds, UAV systems allow
the inspection of larger areas with minor efforts. In addition, UAV systems may be fundamental to
monitor rock slopes characterized by intense vegetation in Mediterranean sites because shrubs and
bushes are difficult to recognize in the low-resolution photos taken from laser scanners.

Finally, it must be remarked that each method has its advantages and limitations, and that a compre-
hensive rock slope characterization would be ideally achieved by coupling two of the three described
methods (TLS + SfM) and, above all, by validating the results with traditional field surveys, which
remain irreplaceable to collect information on the mechanical behaviour of the rock mass.

The findings of this part of the research represent an innovative contribution for the literature be-
cause, to the writer’s knowledge, no quantitative comparative analyses have been proposed so far.
Future developments may concern the use of laser scanners supported by inertial systems to extend
the comparison carried out in this study with UAV systems along the coastline, focusing on the de-
tection of rockfalls and on the deformations at the centimetric scale.

4. Is the IRT technique useful for rock mass characterization at a relatively large scale for sites
characterized by lithological units with similar diffusivity, mild climate, dense vegetation and
anthropogenic disturbances?

5. Are other survey techniques needed to interpret the thermal response of rock masses?

The research activity conducted to assess the applicability of the IRT technique for rock slope charac-
terization provided interesting results. The same case study was used to test this technique, taking
advantage of the complex site conditions. At a first glance, the results of the 24 hours monitoring
were difficult to interpret because the lateral and vertical heterogeneity of the rock materials (in
terms of colour, fracture frequency and porosity) resulted in warm and cold anomalies diffused within
the thermograms. As a matter of fact, other remote sensing techniques are needed as support for
the IRT method to detect discontinuities, voids and rock mass properties. The methodological ap-
proach reported in Chapter 5 illustrates how IRT techniques can be coupled with UAV systems to
detect discontinuities and voids in rock masses, as well as to correlate the temperature profiles at the
air-rock interface with the topography, the lithology and the jointing degree of the rock mass. A
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remarkable result is that lithofacies characterized by primary porosity are easily detectable in ther-
mograms acquired during the heating phase in the form of warm areas, because the air circulating
within the pore systems causes a rise in temperature. This aspect is unique because weathered and
karstified rocks with different types of porosity and similar colour (as in the case study) are not easy
to discriminate in point clouds or high-resolution photos. Hence, IRT surveys coupled with UAV sys-
tems may be of paramount support to derive rock mass properties in inaccessible areas. As concern
the contribute given to the literature, it is specified that the detection of discontinuities from IRT
techniques was proposed by many authors (Squarzoni et al. 2008; Liu et al. 2011; Teza et al. 2012;
Baron et al. 2012; Gigli et al. 2013; Gero et al. 2013; Frodella et al. 2014, 2015, 2017b, a; Mineo et al.
2015a, b; Pappalardo et al. 2016; Fiorucci et al. 2018; Pappalardo and Mineo 2019; Mineo and Pap-
palardo 2019; Guerin et al. 2019; Grechi et al. 2021; Loche et al. 2021). However, the application of
InfraRed Thermography to indirectly obtain information on the topography, lithology, jointing de-
gree, and Geological Strength Index of inaccessible zones by means of profiles correlations seems to
be novel, as well as the detection of lithofacies of similar color but with different pore connectivity.
Future researches could involve mounting a thermal camera on UAV systems to explore the three-
dimensional rock mass thermal behaviour, focusing on small-scale discontinuities and on the karst
caves visible along the coastline.

6. 2-D discontinuity characterization

As outlined in Chapter 6, large part of this thesis was dedicated to the development of a publicly
available digital tool for the quantitative characterization of discontinuity traces drawn on orthopho-
tos generated by means of SfM techniques. As a matter of fact, several methods for the rock slope
characterization from Digital Outcrop Models were proposed in the literature (specific references are
reported in the mentioned chapter), but the traditional 2-D analyses, which are more appropriate for
sub-vertical or sub-horizontal outcrops, lack of an update in a digital environment. Despite a few
publications deal with this topic (3GSM; CREALP; Gigli and Casagli 2011; Healy et al. 2017), this con-
tribution is novel in the current literature because it provides a comprehensive discontinuity analysis,
specifically aimed at rock mass characterization, with the peculiarity of semi-automatically extracting
the discontinuity sets from discontinuity traces by means of two methods. Since the proposed tool
was validated only on a synthetic dataset and at the case study, more applications should be per-
formed in the future. As stated in Chapter 6, future developments may involve the conversion of the
proposed routine in the 3-D space and the comparison with the methods currently available in the
literature for discontinuity analysis from point clouds.

7. How can the data obtained by means of remote sensing techniques and conventional geostruc-
tural and geomechanical surveys be optimally combined to perform sophisticated rock slope
stability analyses?

The third part of this PhD thesis was devoted to the combination of conventional geostructural and
geomechanical surveys, remote sensing techniques, and laboratory tests to produce advanced 3-D
geomechanical models to perform sophisticated stability analyses. 2-D and 3-D simulations by means
of Finite Element Method (FEM) were performed to assess the stability conditions of the case study,
and to evaluate the effects of surface processes observed in the field and on the point clouds. In the
current literature and in professional works stability analyses, FEM methods are widely used because
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of their flexibility in modelling different configurations and processes (Hammah et al. 2008). However,
when dealing with jointed rock masses, the models are set up using equivalent strength properties
(continuum approach) for adding interfaces (discontinuum approach), depending on the joint fre-
guency (Goodman et al. 1968; Ghaboussi et al. 1973; Beer 1985; Dershowitz et al. 2004). In this study,
both methods were used and compared, though ensuring numerical continuity as a fundamental as-
sumption of the FEM techniques, to identify the main differences. Given the presence of a large num-
ber of discontinuities, the discontinuum-based method was improved by adding joint networks by
means of a stochastic approach (Discrete Fracture Network method - DFN), using the results of the
guantitative discontinuity analysis. This application represents an innovative contribution to the lit-
erature, as joints generation through DFN techniques have been used for Distinct Element Methods
or hybrid approaches so far (ElImo 2006; EImo and Stead 2010; Ivars et al. 2011; Merrien-Soukatchoff
et al. 2012; Havaej et al. 2016; Montiel et al. 2020; Zhang et al. 2020).

By direct comparison with field and point clouds inspection, it was found out that the failure mecha-
nisms provided by the two approaches occur simultaneously at the study site: whilst the failure of
large sectors behaving as continuum media occurs over long times, smaller volumes delimited by the
discontinuity sets are prone to failure in the short time. It must be remarked that the main goal of
this PhD was to develop a methodology for rock mass stability analyses through the combination of
remote sensing and traditional field surveys, with focus on the characterization of the parameters
needed to set-up sophisticated 3-D geomechanical models. The data collected throughout this re-
search were combined to perform a preliminary stability analysis of the case study, to validate the
proposed methodology and to assess the effects of joints implementation (specifically characterized)
in numerical models. However, further investigations should be performed by means of coupled Dis-
tinct Element Methods (DEM)-DFN approaches or the most advanced hybrid techniques to investi-
gate structurally-controlled or more complex failure mechanisms. Furthermore, dynamic analyses
simulating earthquakes or sea storms would allow a full understanding of the rock mass stability in
varied scenarios. These outlines represent an interesting standpoint for specific studies which, based
on the experience faced during this PhD, would require a time-consuming trial-error procedure. In
this perspective, this manuscript is concluded with a statement made by one of the most expert nu-
merical modelling researchers: “Rock mechanics modelling and rock engineering design are both a
science and an art. They rest on a scientific foundation but require empirical judgements supported
by accumulated experiences through long-term practices” (Jing 2003).
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