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Editoriale: se c’è un bersaglio il rischio  
non è mai nullo
Gli eventi naturali, anche catastrofici come per esempio le frane, interagiscono spesso e inevitabilmente con le aree urbanizzate del nostro 
territorio. 
All’accadimento di ogni evento di questo tipo, purtroppo talora con morti e feriti, viene ripetuto che il nostro territorio è fragile e che deve 
essere messo in sicurezza e poi si comincia a cercare un colpevole, la società o un singolo per non aver reso sufficientemente “sicure”, ma 
sarebbe meglio dire “inviolabili”, le aree interessate. 
Purtroppo non si parte mai ad affrontare il problema considerando qual è il punto di partenza e cioè che la natura continua da milioni di anni 
a fare il suo decorso secondo logiche per le quali gli interventi su aree pericolose che possiamo fare con la tecnica e le risorse che abbiamo a 
disposizione sono limitati e certamente spesso non risolutivi per eliminare il rischio.
Ripartiamo quindi dal punto di partenza: che cos’è il rischio? 
Ed in particolare cos’è il rischio geologico? 
Nella sua definizione più generale il rischio è rappresentato dalla possibilità che un fenomeno naturale o indotto dalle attività dell’uomo possa 
causare effetti dannosi sulla popolazione, gli insediamenti abitativi e produttivi e le infrastrutture, all’interno di una particolare area, in un de-
terminato periodo di tempo.
Rischio e pericolo non sono dunque la stessa cosa: il pericolo è rappresentato dalla probabilità che un evento calamitoso di data intensità possa 
colpire una certa area in un dato tempo (la causa), il rischio è rappresentato dal prodotto della pericolosità con l’esposizione di un elemento 
a rischio e le sue possibili conseguenze, cioè dal danno che ci si può attendere (l’effetto).
Per valutare concretamente un rischio, quindi, non è sufficiente conoscere il pericolo, ma occorre anche stimare attentamente il valore dell’e-
lemento a rischio esposto, cioè i beni presenti sul territorio che possono essere coinvolti da un evento, e la loro vulnerabilità.
Il rischio quindi è traducibile nella formula, addirittura banale nella sua semplicità: 

R = P × E × V × W

dove P è la Pericolosità cioè la probabilità che un fenomeno di una determinata intensità si verifichi in un certo periodo di tempo, in una data 
area; V è la Vulnerabilità cioè la propensione di un elemento (persone, edifici, infrastrutture, attività economiche) a subire danneggiamenti in 
conseguenza delle sollecitazioni indotte da un fenomeno pericoloso di una certa intensità; E è l’Esposizione dell’elemento a rischio, ossia la 
probabilità che gli elementi siano esposti a una perdita all’occorrenza del fenomeno pericoloso ed infine W è il valore di ognuno degli elementi 
a rischio presenti in una data area, come il numero di vite umane o gli insediamenti (il prodotto V x W è anche noto come danno).
La pericolosità è quindi una caratteristica intrinseca del sistema naturale (per esempio la naturale evoluzione di un versante o la presenza di 
un fiume che può esondare), il rischio, invece, dipende dalla vulnerabilità e dalla condizione di esposizione del bersaglio.
Facciamo un esempio paradossale ma che aiuta ad afferrare i concetti: mi trovo nel deserto del Sahara, dove non c’è nulla se non sabbia e una 
duna che può non essere stabile perché mossa dal vento. Qual è la pericolosità intrinseca dello spostamento della duna di sabbia? 
È intuitivo: altissima, è altamente probabile che la duna si possa muovere a causa dell’instabilità della sabbia mossa dal vento. Qual è il rischio in 
questo caso? Nullo, non ho bersagli esposti a danno potenziale e quindi la duna si può muovere quanto vuole (quanto la natura del terreno 
ed il vento inducono che si verifichi) ma non produce alcun danno e quindi il prodotto è nullo.
Adesso mi sposto in Italia, ho una chiesetta che contiene un affresco preziosissimo che si trova in un’area che in caso di piena catastrofica di 
un fiume che corre nelle vicinanze potrebbe venire sommersa. Calcolando sulla base di studi idraulici e geomorfologici qual è la probabilità 
che si verifichi una piena che può sommergere la chiesetta: diciamo a titolo di esempio una volta su 500 anni. La pericolosità è quindi molto 
più bassa che nel caso della duna. Sì, ma qual è il rischio? In questo caso esiste un bersaglio ad alto valore che è vulnerabile, che può subire un 
danno, e quindi il rischio di perdere l’affresco è elevato.
Nel primo caso abbiamo illustrato un fenomeno altamente probabile che non produce alcun rischio di perdita di valore, mentre nel secondo 
un fenomeno decisamente meno probabile che invece produce rischio elevato di perdita di valore.
Nel campo della protezione civile tutte queste variabili (pericolosità, vulnerabilità, esposizione, valore (e quindi rischio) dovrebbero essere 
valutate e quantificate. Un buon piano di protezione civile è quello che minimizza il rischio ossia la combinazione finale rendendolo il più basso 
possibile (ma a quale valore ci si deve fermare? questa è la domanda più importante). Ovviamente questa quantificazione numerica delle 
singole variabili talvolta è possibile mentre altre volte è molto più ardua e ci si deve limitare a stime qualitative. 
Ma andiamo oltre.
Veniamo ad un primo nodo. Come minimizzo il rischio?
Posso provare ad agire sui diversi fattori che lo determinano (sia simultaneamente che separatamente). A esempio posso provare a ridurre la 
pericolosità (intervengo a stabilizzare la duna nel primo caso, agisco sulla morfologia dell’asta fluviale nel secondo caso) e/o tentare di ridurne 
l’esposizione e/o limitare il danno riducendo vulnerabilità o il valore esposto.
Nel primo caso non serve operare (non ho neanche il bersaglio), nel secondo caso… qualcuno potrà azzardare e proporre di rimuovere 
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l’affresco o addirittura l’intera chiesetta. Non è di per sé tecnicamente impossibile e, seguendo la logica del ragionamento, è un’ipotesi teorica-
mente percorribile. Se voglio avere la certezza che l’affresco non sia a rischio di essere alluvionato lo tolgo di lì. Ecco, supponiamo di riuscire 
a quantificare il costo della rimozione del bersaglio (nel nostro esempio teorico della chiesetta alcuni milioni di euro) a qualcuno verrebbe 
in mente di farlo? Magari sì, non escludiamo che si aprirebbe un grande dibattito se la cifra che serve per i lavori di rimozione devono essere 
spesi effettivamente per rimuovere la chiesetta o invece sarebbe meglio destinarli alla sanità pubblica, oppure tra i sostenitori del fatto che 
rimuovere la chiesetta significherebbe sottrarre un patrimonio culturale e paesaggistico ad un territorio e privarlo della sua anima e chi invece 
sosterrebbe che non ci possiamo permettere di perdere un affresco tanto importante, ecc. ecc.
Insomma, tutti accetteremmo pacificamente di avere un bene a rischio e ci interrogheremmo sull’appropriatezza e la proporzionalità del costo 
della sua salvaguardia. Ovviamente in questo caso potremo farlo anche perché la cosa, pur costosa, è fattibile.
Ora immaginiamo che di chiesette a rischio così ce ne siano qualche decina di migliaia. Anzi immaginiamo che invece che chiesette e affreschi 
ci siano ospedali, scuole, strade, abitazioni. Diciamo che nella condizione della nostra chiesetta si trovi la vita di qualche milione di italiani (o di 
qualche centinaia di milioni di persone nel mondo). Sappiamo che la vita umana è il bene supremo da tutelare ad ogni costo, su questo siamo 
unanimi. Ammesso che sia tecnicamente possibile (e non lo è), a qualcuno verrebbe in mente di spostarli tutti perché sono a rischio di essere 
uccisi da un evento naturale (spesso con una probabilità di occorrenza bassissima) ? Come un’alluvione, un terremoto, una frana, un crollo? 
Non credo. Quello che possiamo ragionevolmente fare è, se ci riusciamo, attuare alcune opere di riduzione della pericolosità che quell’evento 
possa accadere, e contemporaneamente provare a ridurne l’esposizione e/o il danno.
Ad esempio se l’evento pericoloso è un terremoto possiamo fare costruzioni antisismiche (non elimino il terremoto ma ne contengo i danni) 
oppure se è un’alluvione posso costruire degli argini che proteggono fisicamente alcune aree e/o mettere dei sistemi di allerta sui corsi d’ac-
qua che mi consentono di evacuare le persone ed evitare, così, perdite di vite umane, ecc. ecc. Insomma, alcune cose per ridurre il rischio le 
possiamo fare.
Ovviamente oltre che il principio dell’adeguatezza tecnica occorre quello della proporzionalità che deve tenere conto anche delle risorse eco-
nomiche di cui posso disporre. Ma anche assumendo per assurdo che queste risorse economiche siano infinite e che esista la reale possibilità di 
azzerare il rischio rimuovendo completamente il bersaglio (sposto milioni di italiani e le città dove vivono da un’altra parte) esiste alla fine una 
scelta da compiere: avrebbe senso?
Saremo disposti a evacuare per sempre le città dove viviamo da migliaia di anni e rinunciare alla nostra vita perché esiste una probabilità su 
50.000 di morire per l’esondazione del fiume che scorre vicino a casa nostra?
Possiamo provare a ridurre il rischio, anzi dobbiamo farlo, ma alla fine tutti saremmo disposti ad accettarne l’esistenza. 
Il rischio zero è un’astrazione concettuale, non esiste.
Sussiste però un problema giuridico: può un pubblico amministratore, un gestore di infrastrutture, un geologo dell’ufficio geologico di una 
regione o un progettista compiere scelte progettuali e tecniche che portino a un rischio nullo? 
La risposta è evidente, purtroppo no, a meno di eliminare il bersaglio. 
Ma d’altro canto non è possibile né accettabile che un progettista non sappia quale valore di rischio, anche di perdita di una vita umana nella 
condizione estrema, sia accettabile raggiungere nel momento che progetta un intervento. Per meglio chiarire, è accettabile per esempio che il 
rischio statistico di un evento geologico estremo sia paragonabile al rischio di un incidente che una persona inevitabilmente corre, consape-
volmente, quando guida per 1 km su un’autostrada trafficata ? 
È conseguentemente necessario che venga definito un valore soglia al quale tendere di rischio residuo al fine di indirizzare sia la progettazione 
sia le conseguenti scelte tecniche/sociali/ingegneristiche.
È in questo quadro tecnico che è quanto mai urgente definire un quadro giuridico che tenga in conto questi elementi.
La definizione puntuale del “rischio accettabile” nel caso degli eventi naturali sarebbe un passo in avanti importantissimo nel nostro ordinamen-
to. Introdurre soglie di rischio accettabile non solo consentirebbe infatti di verificare adeguatezza e appropriatezza delle misure di salvaguardia 
evitando sprechi ma aiuterebbe anche a risolvere un gran numero di contenziosi.
Non solo. La definizione del rischio accettabile nell’ordinamento giuridico italiano potrebbe portare il nostro Paese ad un ulteriore salto cultu-
rale in materia di risarcimenti dei danni causati dalle catastrofi individuando con maggior certezza e correttezza le responsabilità.

Una bella sfida culturale.
Daniele Peila

Stefano Lo Russo
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1. Introduction

Long-term investment projects 
in the domain of territorial tran-
sformations are complex proces-
ses characterized by a series of 
actions coordinated and correlated 
among them, which have the aim 
of reaching a certain objective in a 
given time, with required quality 

and limited resources (Fontes et 
al., 2020; Gardiner and Stewart, 
2000).

Projects are made an object 
of specific evaluation procedu-
res that address the question of 
whether the planned course of 
actions is likely to achieve objecti-
ves under specific constraints. 
Among the existing evaluation 

procedures, a very important role 
is played by feasibility analyses 
(Bottero et al., 2019). In this con-
text, feasibility studies are con-
sidered as preliminary investiga-
tions into the potential benefits 
associated with undertaking a 
specific activity or project. The 
main purpose of the feasibility 
study is to analyze the full ran-
ge of factors associated with the 
project and to determine if the 
investment of time and other re-
sources will yield a desirable result 
(European Commission, 2014). In 
other terms, it is possible to say 
that assessing the feasibility of 
a project means to forecast the 
economic effects of an invest-
ment, to quantify them through 
specific evaluation procedures, to 
express a final judgment concer-
ning the economic convenience of 
the project (Florio, 2003). In this 
sense, it is necessary to deal with 
i) economic effects; ii) quantitati-
ve analysis; iii) formalized com-
putational tool and iv) evaluation 
rules.

In evaluating the feasibility of 
territorial projects, it is of parti-
cular importance the uncertainty 
that characterizes the develop-
ment process. The input of the 
model (for example, the costs of 
construction, the incomes, the 
interest rates, and so on) can be 
affected by uncertainty due to 
the lack of knowledge and poor 
and imperfect information. It 
has been noticed that this uncer-
tainty of the input provides un-
certain outcomes (i.e., valuation 
figures such as the Net Present 

Territorial transformation projects are subject to specific evaluation procedures that address 
the question of whether the planned course of actions can achieve objectives in the pre-
sence of specific constraints. The uncertainty that characterizes the development process 
is of particular importance in investment decision-making, Indeed, the model’s input (for 
example, the costs of construction, the incomes, or the interest rates) can be affected by 
uncertainty due to the lack of knowledge and poor and imperfect information. It has been 
noted that this input uncertainty gives uncertain outcomes (i.e., valuation data such as the 
Net Present Value). To address uncertainty in feasibility studies, probability theory can be 
used and specific simulations based on the Monte Carlo analysis can be implemented. 
Starting from a real case study, the paper aims at investigating the role of uncertainty and 
risk in feasibility studies.
Keywords: project appraisal, Discounted Cash-Flow Analysis, probability theory, decision-ma-
king, territorial transformation projects. 

Valutazione degli interventi di trasformazione territoriale in condizioni di ri-
schio e incertezza utilizzando l’Analisi Costi-Ricavi e la simulazione Monte 
Carlo. I progetti di trasformazione a scala territoriale sono oggetto di specifiche procedure 
di valutazione che mirano a verificare se le linee di azione pianificate possano raggiungere 
gli obiettivi prestabiliti rispetto ad alcuni vincoli di carattere finanziario. Nelle decisioni rela-
tive a tali investimenti è di particolare importanza l’incertezza che caratterizza il processo 
di sviluppo. Infatti, l’input del modello (ad esempio, i costi di costruzione, i redditi o i tassi di 
interesse) può essere influenzato dall’incertezza dovuta alla mancanza di conoscenza e alla 
scarsa e imperfetta informazione da parte dell’analista. Tale incertezza dell’input fornisce 
risultati incerti (cioè, indicatori di fattibilità finanziaria come il Valore Attuale Netto). Per 
affrontare l’incertezza negli studi di fattibilità, è possibile utilizzare la teoria della probabilità 
e implementare simulazioni specifiche basate sull’analisi Monte Carlo. Partendo da un caso 
di studio reale, il paper si propone di indagare il ruolo dell’incertezza e del rischio negli studi 
di fattibilità.
Parole chiave: stima del progetto, analisi costi-ricavi, teoria delle probabilità, processi decisio-
nali, progetti di trasformazione territoriale.

DX.DOI.ORG/10.19199/2020.3.1121-9041.05
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Value) (French and Gabrielli, 
2004; Nikoloudis et al., 2017). 
To deal with uncertainty in feasi-
bility studies, different methods 
can be applied, such as break-e-
ven analysis, sensitivity analy-
sis, scenario method, and game 
theory (Jovanović, 1999). In this 
domain, a very important role 
is played by Monte Carlo (MC) 
methods. Generally speaking, 
Monte Carlo analysis is based 
on probability theory and refers 
to computational algorithms 
that allow risk to be included in 
quantitative analysis and decision 
making. The method can be used 
in different decision problems, 
including finance and insuran-
ce, project management, energy, 
manufacturing, transportation, 
and environment. The essence of 
the method is the invention of 
games of chance whose behavior 
and the outcome can be used to 
study some interesting phenome-
na (Kalos and Whitlock, 2008). 
The technique is based on the 
use of statistics parameters, such 
as mode, spread, and skewness 
of probability distributions, to 
describe and model uncertainty 
from various sources and produ-
ce a distribution of the possible 
outcomes by randomly selecting 
input values from the predetermi-
ned distributions.

Starting from the case of the 
project which has been proposed 
for the design competition for the 
development of the sea-wall in La 
Spezia (Italy), the paper aims at in-
vestigating the role of uncertainty 
and risk in feasibility studies. In 
particular, by means of the appli-
cation of the well-known cash-flow 
analysis, the paper addresses the 
economic viability of the project 
comparing the outcomes of two 
different models: a deterministic 
approach, based on traditional ca-
sh-flow analysis, and a stochastic 
model, where the risk analysis is 
implemented through the Monte 
Carlo simulation.

After the Introduction, the 
rest of the paper is organized as 
follows: Section 2 provides the 
methodological background about 
feasibility analysis, focusing on ca-
sh-flow analysis and illustrating 
the analytical approaches which 
allow uncertainty to be included 
in the evaluation; Section 3 pre-
sents the feasibility analysis for 
the project under investigation, 
considering the classic determini-
stic approach and the probabilistic 
approach based on Monte Carlo 
simulation; Section 4 discusses 
the main findings of the evalua-
tion models; Section 5 summa-
rizes the conclusions that can be 
drawn from the work and highli-
ghts the future developments of 
the research.

2. Feasibility assessment 
and investment appraisal

2.1. Methodological 
background

Feasibility analysis aims at 
answering the question “will it 
work?” for a specific project pro-
posal. In principle, the method is 
based on the identification of the 
full range of costs and incomes of 
the project in order to allow the in-
vestor to understand if minimum 
objectives will be achievable.

According to the scientific litera-
ture (Oprea, 2010), the feasibility 
analysis is iterative and continuo-
us and it involves the following 
eight steps:
1.  assessing the physical and legal 

aspects of the site;
2.  estimating demand for the spa-

ce;
3.  analyzing competitive space;
4.  estimating costs of acquisition, 

construction or rehabilitation;
5.  estimating the cost and availabi-

lity of borrowed funds;
6.  estimating absorption rates;
7.  developing cash-flow schedules;

8.  evaluating the estimated ca-
sh-flow in terms of acceptability 
of the expected outcome.

A very important part of the ove-
rall feasibility study is related to 
the financial analysis which nor-
mally can be addressed through 
the Discounted Cash-Flow Analy-
sis (DCFA). Particularly, this tech-
nique used to derive economic and 
financial performance criteria for 
investment projects (Akalu, 2003; 
Prizzon, 2001; Bottero and Mon-
dini, 2013) in the form of synthe-
tic and easy to interpret indicators 
that allows the Decision Maker 
(DM) to understand if the project 
should be accepted or rejected. The 
most used project performance 
criteria are the Net Present Value 
(NPV) and the Internal Rate of Re-
turn (IRR).

Let X be a project with real be-
nefits Bt and real costs Ct, in t = 0, 
1,…, T years from now and r the 
discount rate.

The NPV of the project can be 
defined as in equation 1:

 
NPV

B C
r

t t
t

t

T
�

�
��

�
( )10  

(1)

It has been noticed that: i) If NPV 
= 0, it means that the discounted 
benefits are equal to the discoun-
ted costs and then we should 
be indifferent in the decision 
whether to accept or reject the 
project; ii) If NPV > 0, it means 
that the discounted benefits are 
larger than the discounted costs 
and then we should accept the 
project; iii) If NPV < 0, it means 
that the discounted benefits are 
smaller than the discounted co-
sts and then we should reject the 
project.

About the Internal Rate of Re-
turn (IRR) of the investment, the 
value can be derived finding the 
rate of return such that the project 
breaks even. That is, to find the 
rate of return which makes the 
present value zero as represented 
in the equation (2):
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It is possible to affirm that project 
is admissible if IRR > r (i.e. rate of 
return exceeds opportunity cost).

2.2. Risk and uncertainty

The uncertainty is an integral 
part of the development process 
(Loizou and French, 2012). Inde-
ed, the appraisal model will deter-
mine specific valuation indicators 
(i.e. NPV or IRR) which are just 
some of the possible valuation fi-
gures.

In the context of construction 
projects for territorial transfor-
mations, the input variables are 
uncertain because they are open 
to changes over time and space. 
Loizou and French (2012) iden-
tify different sources of uncer-
tainty that can be summarized as 
follows:
a.  Financial risk: it is related to the 

fluctuating interest rate. The in-
crease of the interest rate can 
erode the developer’s resources 
and decrease the profit margin 
of the project;

b.  Land cost: the variation of the 
land cost can affect heavily the 
final performance of the invest-
ment;

c.  Construction: the changes in 
the construction costs are rela-
ted to the type and quality of 
the end product, to the degree 
of the aesthetic value, to sustai-
nability issues and building re-
gulations;

d.  Timing: this is a crucial issue in 
the development process and 
delay can lead to higher financial 
costs and other complications;

e.  Sale/rents: any variation of the 
final sale/rental price can produ-
ce increased profits or losses;

f.  Socio-economic elements: this 
issue is related to the variations 
that act at the socio-economic 
level, such as changes in the po-

litical confidence to the project, 
modifications of the regional 
economy, and so on.
The existence of the aforemen-

tioned issues makes it necessary 
to include the uncertainty in the 
model to obtain not only a sin-
gle outcome but a range of pos-
sible outcomes. This can be done 
by recognizing that input figures 
are not single features but a pos-
sible range of figures that can be 
modeled statistically by a proba-
bility distribution (French and 
Gabrielli, 2004). In this sense, the 
risk is defined as the measure of 
the difference between the actual 
and the expected outcomes of the 
analysis.

Traditionally, uncertainties for 
investment projects are assessed 
by sensitivity analysis. This analy-
sis is performed starting from each 
source of uncertainty to determine 
how much the final output vary be-
fore the project is either accepted 
or rejected. This approach is com-
monly known as the “what-if” sce-
nario. In real-world problems, the 

evaluation of investment projects 
in the domain of territorial tran-
sformation requires a greater com-
prehension of the complexity of 
the system under investigation. In 
this sense, the number of “what-
if ” scenarios increases rapidly 
and new evaluation approaches 
become necessary (Salling et al., 
2007; Salling and Leleur, 2017). 
One of the most applied theories 
for dealing with uncertainty and 
risk in decision-making processes 
refers to the Monte Carlo simula-
tion. Generally speaking, Monte 
Carlo simulation furnishes the 
decision-maker with a range of 
possible outcomes and the pro-
babilities they will occur for any 
choice of action. It shows the ex-
treme possibilities – the outcomes 
of going for broke and for the most 
conservative.

As argued by Lorance and Wen-
dling (2001), Monte Carlo simula-
tion allows to move from a deter-
ministic analysis to an evaluation 
approach which includes uncer-
tainty and three subsequent steps 

Fig. 1. Methodological framework of the Discounted Cash-Flow analysis under risk and 
uncertainty.
Framework metodologico dell’Analisi Costi-Ricavi in condizioni di rischio e incertezza.
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have to be carried out in order to 
perform the analysis:
1.  To define the deterministic mo-

del of the estimate;
2.  To identify uncertainty in the 

estimate by specifying the pos-
sible values of the variables with 
probabilistic distributions;

3.  To analyze the estimate with si-
mulation.
Different applications of Mon-

te Carlo analysis and investment 
projects exist in the literature, 
where specific simulation softwa-
re are used for estimating the NPV 
distribution (Coates and Kuhl, 
2003; Halawa et al., 2013).

Figure 1 presents the main pha-
ses of the evaluation, considering 
both the deterministic model and 
the stochastic model, where the 
Monte Carlo simulation is included.

3. Application

3.1. Description of the project

In the present study, the data 
concerning a real case study have 
been considered for the evaluation 
model and the simulation. In de-
tail, the object of the investigation 
of the present research is the deve-
lopment project for the breakwater 
of La Spezia (Italy)1. The main idea 

1  The project has been developed by 
the design team coordinated by the Ita-
lian architect Daniele Baiotto and it con-
cerns the development of the sea-wall in 
La Spezia (Italy) with an overall environ-
mental requalification of the area and the 
creation of new function and services. 
Mention has to be made that the project 

of the project is to maintain the 
original structure of the existing 
sea-wall and to add a pedestrian 
path that will allow the sea-wall to 
be walked through. Moreover, the 
new dock will be crossed by several 
specific modules that are destined 
to host particular functions and 
services, such as a public beach, 
different bars and restaurants, 
a hotel, a residential area, a park 
(Baiotto, 2012). Table 1 summari-
zes the main characteristics of the 
project whereas Figure 2 provides 
a graphic representation of the 
proposed layout.

was proposed for the design competition 
which was advertised in 2012 by the Port 
Authority of La Spezia.

Fig. 2. Representation of the project proposal (source: Daniele Baiotto, 2012).
Rappresentazione della proposta progettuale (fonte: Daniele Baiotto, 2012).
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3.2. Discounted Cash-Flow 
analysis

According to the methodolo-
gy described in Section 2.1, a Di-
scounted Cash-Flow Analysis has 
been developed for the project un-
der investigation.

Table 2 summarizes the main 
input for the analysis of the fo-
reseen costs and the incomes. As 

it is possible to see from Table 2, 
the costs are represented by the 
investment cost of the transfor-
mation and by the operation and 
maintenance costs while the in-
comes are related to the revenues 
produced by the project.

A fundamental step of the analy-
sis is represented by the timing of 
the project. In the case under inve-
stigation the project will be deve-

loped over 12 years that are arran-
ged in four periods. The first and 
the second periods represent the 
core of the transformation while 
the third and the fourth periods 
concern the finishing of the pro-
posal. Table 3 details the timeline 
chart for the project.

The final step of the evaluation 
comprises the creation of the 
table for the cash-flow feasibility 

Tab. 1. Main functions of the project proposal.
Principali funzioni della proposta di progetto.

Function Description 
Dock The longitudinal path of 2,200 meters will allow to walk through the overall sea-wall. It is made of prefabricated modules in 

reinforced concrete.
Ponds and natural 
swimming pool

The project considers the construction of an area of about 10,000 m2 with ponds and natural swimming pools with a public 
function to attract people and touristic to the sea-wall.

Hotel and spa An exclusive hotel and a resort will be constructed in the area with an overall surface of around 8,000 m2.
Restaurant The hotel will be integrated by a restaurant which has a surface of 900 m2 
Bio Park The Bio Park is an organic structure that is designed to develop itself over the years according to a plug-in model. This structure 

will host different tourist and educational activities related to the coastal and sea environment.
Tourist harbor The project considers the construction of three tourist harbors with place for 200 boats.
Beach The main element of the proposal is the construction of a public beach with a total surface of 20,000 m2 on the internal side 

of the sea-wall.
Residential area The project proposes the construction of residential zones in different areas of the master plan for a total surface of 9,600 m2.

Tab. 2. Input data for the DCFA.
Dati di input per l’Analisi Costi-ricavi (ACR).
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study, which is reported in Table 
4 whereas the outcomes of the 
evaluation are summarized in 
Table 5.

From Table 5 it is possible to see 
that the final NPV of the transfor-
mation is 45 million Euros and the 
IRR is 44.46%; according to these 
results, the project can be conside-
red as feasible. Analyzing the indi-
cators for the different considered 
periods, it is interesting to put in 
evidence that the NPV and the IRR 
are negative only for the first phase 
of the investment while they incre-
ase over the life of the project and 
they are, respectively, 2.4 million 
Euros and 12.8% for the second 

Tab. 3. Timeline chart for the project.
Cronoprogramma del progetto.

Period 1 Period 2 Period 3 Period 4
1 2 3 4 5 6 7 8 9 10 11 12

Dock
Public beach
Ponds
Sport and green areas
Bars
Tourist harbor
Spa
Hotel
Restaurant
Bio Park
Residential area
Boat club

Tab. 4. Cash-flow analysis for the project.
Analisi Costi-Ricavi della proposta di progetto.
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period and 22.8 million Euros 
and 41.93 % for the third period. 
Mention has to be made to the fact 
the reported indicators have been 
computed excluding taxes.

3.3. Risk simulation

To include the uncertainty in 
the model, the cash-flow analysis 
has been implemented employing 
the Monte Carlo simulation. 
The computer program @RISK 
has been used for the evaluation 
(www.palisade.com).

The first step of the simulation 
consists of defining the probability 
distribution of the variables. Diffe-
rent forms of distribution are avai-
lable, such as normal, triangular, 
lognormal, and so on and the choi-
ce depends on the market analysis 
and the experience of the valuer 
(French and Gabrielli, 2004).

For the case under examination, 
it has been decided to select the va-
riables which have the highest inci-
dence on the total investment cost 
and incomes (i.e., construction 
costs of the dock, Bio Park, and 
residential areas and incomes of 
residential areas and hotel). For all 
the selected variables a triangular 
distribution has been defined and 
this choice is due to the small di-
mension of the sample used for 

the comparison. In the triangular 
distribution, we define the mini-
mum and maximum values, whi-
ch are most likely to occur. Figure 
3 and Table 6 report the variables 
used for the simulation and the as-
sumptions made.

The model has been run with 
10,000 iterations to determine 
the range of probabilities of all 
the possible outcomes of the eva-
luation. The results of the Monte 
Carlo simulation are represented 
in Table 7. Moreover, Figure 4 pro-
vides a graphical representation of 
the results of the simulation consi-
dering the overall life of the invest-
ment project (Period 4).

As it is possible to see, the Monte 

Tab. 6. Probability distribution of the selected variables.
Distribuzione della probabilità delle variabili selezionate.

Input Distribution Minimum Likeliest Maximum

Costs

Dock (€/m) Triangular 4,500 5,000 5,500

Bio Park (€/m2) Triangular 3,000 4,000 5,000

Residential (€/m2) Triangular 1,000 1,800 2,600

Market values

Residential (€/m2) Triangular 5,000 7,500 10,000

Hotel (€/room) Triangular 150 200 250

4,500 5,000 5,500 € /m

Pr
ob

ab
ilit

y

Dock cost
3,000 4,000 5,000 € /m2

Pr
ob

ab
ilit

y

Bio Park cost
1,000 1,800 2,600 € /m2

Pr
ob

ab
ilit

y

Residen�al cost

1,000 1,800 2,600 € /m2

Pr
ob

ab
ilit

y

Residen�al market value
150 200 250 € /room

Pr
ob

ab
ilit

y

Hotel market value

Fig. 3. Triangular distribution of input variables.
Rappresentazione della distribuzione triangolare delle variabili di input.

Tab. 5. Final outcomes of the evaluation.
Risultati finali della valutazione.

Performance indicators Period 1 Period 2 Period 3 Period 4
NPV –4,531,593 € 2,368,703 € 22,838,072 € 45,386,857 €
IRR / 12.80% 41.93% 44.46%
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Carlo simulation provides an output 
range for NPV and IRR. Conside-
ring the full life of the project (Pe-
riod 4), the analysis puts in eviden-
ce that the majority of outcomes 

(90%) lies, within the interval [28.8 
M€, 62 M€] for the NPV and [23.2 
%, 68.0%] for the IRR.

Considering the first period, 
as was expected, this is the most 

critical phase of the transforma-
tion where the feasibility of the 
investment is not reached yet and 
the 90% of outcomes are negative 
both for the NPV and for the IRR.

Fig. 4. Monte Carlo simulation for the outcomes of the DCFA for the four periods considered in the analysis (top: first period; bottom: last 
period). The left column represents the MC simulation for IRR and the right column represents the MC simulation for NPV.
Simulazione Monte Carlo (MC) dei risultati dell’ACR (Analisi Costi-Ricavi) per i quattro periodi considerati (in alto: primo periodo; in basso: ultimo 
periodo). La colonna di sinistra rappresenta la simulazione MC per il TIR (Tasso di Rendimento Interno) e la colonna di destra rappresenta la 
simulazione MC per il VAN (Valore Attuale Netto).
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As far as the second period is 
considered, in 90% of the cases 
the NPV varies within the inter-
val [-8.92 M€, 13.71 M€] and the 
IRR within the interval [–15.6%, 
55.6%].

About the third phase, the 
project performs much better and 
the results show that in the majo-
rity of outcomes the NPV is posi-
tioned within the interval [7.9 M€, 
37.8 M€] and the IRR within the 
interval [16.2%, 69.9%].

4. Discussion of the 
results

Comparing the outcomes provi-
ded by the two evaluation modes, 
it is possible to highlight some in-
teresting findings.

As far as the deterministic ap-
proach is considered (Table 5), the 
outcomes are single figures and 
they show that the investment 
is not suitable in its initial phase 
while it performs positively from 
the second period on.

The outcomes of the probabili-
stic approach (Table 7) are not very 
different from those provided by 
the deterministic model but the 
use of the Monte Carlo simulation 
has the advantage of providing 
additional information about the 
certainty of the results.

Let us consider for example the 
performance indicators related to 

the second period. From the deter-
ministic model NPV and IRR are 
2.4 M€ and 12.8%, respectively 
(Table 5). In the simulation model 
the results are uncertain and the 
majority of the outcomes lies wi-
thin the interval between –8.92 
M€ and 13.71 M€ for the NPV and 
–15.6% and 55.6% for the IRR. 

This means that modelling the un-
certainty in the inputs allows the 
uncertainly of the outcomes to be 
defined. In this case, the Decision 
Maker would be aware of the fact 
that the profitability of the invest-
ment is less certain than it was in 
the first model. According to the 
Monte Carlo simulation, the pro-

Tab. 7. Statistics of the Monte Carlo simulation.
Statistiche della simulazione Monte Carlo.

NPV 1 IRR 1 NPV 2 IRR 2 NPV 3 IRR 3 NPV 4 IRR 4

Minimum -9,797,192.12 -50.854% -18,105,805.58 -21.95% -2,413,432.74 -0.609% 17,670,258.82 11.596%

Maximum 586,940.01 12.870% 23,605,251.25 87.52% 50,499,924.38 97.965% 77,204,350.25 98.279%

Mean -4,531,584.88 -31.623% 2,368,738.28 18.71% 22,838,119.25 42.287% 45,386,906.05 45.346%

Mode -5,082,270.88 -44.615% -1,267,636.87 27.07% 21,249,600.97 36.114% 43,147,493.73 39.357%

Median -4,527,980.70 -34.075% 2,353,391.81 18.16% 22,852,703.73 41.906% 45,420,942.23 44.448%

Std Dev 1,648,095.47 11.269% 6,830,235.15 21.40% 9,036,138.78 16.233% 10,033,109.28 14.392%

Skewness 0.0019 0.9061 0.0024 0.1895 0.0012 0.1237 0.0057 0.3060

Minimum 2.6734 3.5075 2.6253 2.5635 2.6485 2.5771 2.6926

Fig. 5. Monte Carlo simulation showing the probability of having an acceptable IRR (top) and 
a positive NPV (bottom) with reference to the second period of the investment.
Simulazione Monte Carlo che mostra la probabilità di avere un IRR accettabile (in alto) e un 
NPV positivo (in basso) con riferimento al secondo periodo dell’investimento.
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bability of having an acceptable 
IRR is 61.4% and the probability 
of having a positive NPV value is 
58.3% (Figure 5). The decision as 
to whether to proceed or not with 
this project will therefore depend 
on the risk perspective or toleran-
ce of the decision-maker.

Considering the results of the 
Monte Carlo simulation, mention 
has also to be made to the skew-
ness parameter. Generally spea-
king, the skewness indicates the 
degree of asymmetry of the distri-
bution around its mean. From the 
results of the performed applica-
tion it is possible to notice that the 
values of the skewness are positive 
for all the considered periods, indi-
cating distributions with asymme-
tric tails extending towards more 
positive values.

5. Conclusions

The paper considers the role of 
uncertainty and risk in the feasi-
bility assessment of investments. 
Starting from the case study rela-
ted to the project for the requalifi-
cation of the sea-wall in La Spezia 
(Italy), two evaluation models ba-
sed on the DCFA have been develo-
ped. The first model was based on 
a deterministic approach whereas 
the second model was implemen-
ted by means of the Monte Carlo 
simulation in order to include the 
uncertainty in the analysis.

The results of the work show 
the overall feasibility of the project 
under investigation and the outco-
mes of the Monte Carlo simulation 
provide additional information 
about the certainly of the findings. 
This is a crucial point in real-world 
decision-making processes where 
the input variables, such as con-
struction costs and timing, are not 
fixed (Berto et al., 2020; Mangia-
lardo and Micelli, 2017).

Through the proposed approach 
the research showed that the DM 

can be made aware of the risk of 
the transformation and the deci-
sion about the construction of the 
project will depend on their attitu-
de to risk.

From the point of view of the li-
mits of the present study and futu-
re work that should be carried on, 
it would be of scientific interest to 
better investigate the probability 
of the selected variables in order 
to verify if other distributions are 
more appropriate.

Secondly, further research will 
be developed in order to consider 
the robustness of the model by 
means of the study of the inter-re-
lationships among the variables 
in order to verify of correlations 
exist.

Moreover, different approaches 
that allow uncertainty and risk to 
be considered in the evaluation will 
be investigated. In this context, 
mention should be made to the 
Real Option theory as proposed by 
Dixit and Pindyck (2012). Accor-
ding to this approach, decision ma-
king about the economical projects 
consists of a flexible process (D’Al-
paos, 2012; Dell’Ovo and Oppio, 
2019) and each project is divided 
into several decision-making pha-
ses. After finishing each phase, en-
tering certain information obtained 
from the market conditions (the 
discount rate and the amount of 
expenses and revenues), a new de-
cision is made. When a decision is 
to be made, options that might oc-
cur for the life cycle of a project are 
taken into account and their effect 
on estimating the discount rate of 
the project and computing the NPV 
are considered (Halawa et al., 2013).

The study will also consider 
expanding the results of the pre-
sent application including in the 
evaluation model also non-mone-
tary and qualitative factors, such 
as social consequences and envi-
ronmental impacts, which have a 
fundamental role in the case under 
examination. This could be done 
by integrating the possibility the-

ory and probability distribution 
in the Cost-Benefit Analysis ap-
proach (Mohamed and McCowan, 
2001; Salling and Leleur, 2011).

Finally, due to the private/public 
nature of the project under exam 
and to the presence of criteria sup-
porting the decision that cannot 
be measured in economic units, 
it would of scientific interesting 
to investigate the application of 
multicriteria analysis (Abastante, 
2016; Bottero and Ferretti, 2010; 
Bottero et al., 2016; D’Alpaos and 
Bragolusi, 2018) which allows the 
different dimensions of the pro-
blem to be taken into account and 
the uncertainty of the measures 
to be included in the evaluation 
model.
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1. Introduction

Photogrammetry is an engi-
neering discipline that in the last 
century has guaranteed a more 
and more detailed and accurate 
reconstruction of the Earth’s to-
pography, going from the 2D map-

ping of mountains areas to visua-
lize a georeferenced 3D model of a 
complex geomorphology.

The term was used for the first 
time in 1867 by the civil engineer 
Albrecht Meydenbauer in a pu-
blication with the title die Photo-
grammetrie, published in the Wo-
chenblatt des Architektenvereins 

zu Berlin (Berlin Architectural 
Society – Weekly Journal): it was 
a about the use of a photographic 
camera as a measuring method 
(Grimm A., 2007). This underli-
nes how this discipline has develo-
ped along the years thanks to the 
progress of technology. The four 
major phases of photogrammetry 
history are related to inventions in 
the field of photography, airplanes, 
computers and electronics (Shenk 
T., 2002). In 1839 Joseph Niepce 
and Louis Daguerre took the first 
picture; since then many experi-
ments were made in order obtain 
a larger image of the land and per-
form the first measurement, espe-
cially by Aimè Lussedat who tried 
to take aerial photographs with 
kites and ballons. Then, the inven-
tion of stereophotogrammetry by 
Carl Pulfrich in 1901 and the con-
struction of the first stereoplotter 
by Eduard von Orel in 1908, along 
with the diffusion of the first air-
planes by the Wright brother at 
the beginning of the XX century, 
allowed to visualize the tridimen-
sional geometry of a scene by pai-
ring two overlapping photograms. 
The analog photogrammetry took 
place and it spread quickly betwe-
en the two world wars thank to 
its military applications. With the 
advent of computers in the 60s, 
it was finally possible to apply the 
basic mathematical theory, develo-
ped by Shimd in the 50s by using 
matrix algebra, to perform the 
photogrammetric process: nume-
rical solution were applied to solve 
the photographic prospective and 
obtain a cartographic projection 
(Cannarozzo et al., 2012). Only at 

UAV photogrammetry offers a powerful and cheap methodology to reconstruct the terrain 
geomorphology. The purpose of this study is the application of a generic Structure-from-Mo-
tion workflow to properly elaborate different set of images from multitemporal surveys to 
perform a surface and volume change detection by meaning of a cloud-to-cloud comparison. 
The complex geomorphology of the site of interest, characterized by niches, asperities, flat 
rock walls with different orientation, debris deposits and isolated rock blocks, challenges the 
accurate reprojection of the image points into a 3D space. The chronological comparison of the 
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the end of the XX century, aerial 
photographs were substituted by 
digital images, so no more photo-
grams but numerical data became 
the raw data to work on. Develop-
ment in electronics offered then, 
along the years, more compact and 
cheaper solutions, reaching the hi-
ghest practicality in the application 
of UAV as drones.

Nowadays it is possible to track 
the evolution of natural surfaces in 
3D at an unprecedented resolution 
and precision. By meaning appli-
cation of UAV photogrammetry, 
today is possible monitoring flu-
vial morpho-dynamics, observing 
landslide and glacier evolution, de-
tecting erosion and deposit areas, 
characterizing the discontinuities in 
a rock mass, realizing geology maps 
and estimating vegetation exten-
sion with advantages if compared to 
other methods, as LiDAR, in terms 
of portability, cost, power consu-
mption and time of execution.

In the case here discussed, such 
technology allowed to investigate 
the evolution of a complex geo-
morphology, where both block 
detachment and debris flow occur 
frequently, despite also its limited 
access. The chance of obtaining a 
3D reconstruction of such scene 
allows to better describe the ge-
ometry of the area, and the easy 
repeatability of the flights allows 
to observe the chronological evo-
lution the slope.

2. Site description

The area of study is in the Nor-
th-West region of Slovenia, in 
Central Europe. It is located near 
the village of Belca in the munici-
pality of Kranjska Gora, close to 
the Austrian border, and about 60 
km from Ljubljana, the Slovenian 
capital city.

The site is mainly characteri-
zed by a fractured rock mass on a 
mountain slope, at the bottom of 

which the fallen debris, characte-
rized by an heterogenous granular 
distribution, has deposited along 
the years. The valley is short and 
narrow and it is crossed by a small 
torrent which flows into the Sava 
main river. Most of the bigger 
blocks are accumalted in the tor-
rent’s riverbed close to the slope; 
a poprtion of the derbis deposited 

in the torrent’s riverbed has been 
probably transported dwonward 
by the river flow (Fig. 1).

From a geological point of view, 
the slope is made of Upper Trias-
sic rocks, mainly light grey massi-
ve dolomite and layers of limstone, 
strongly tectonized.

The slope has been monitored 
because a rock fall with a volume 

Fig. 1. Location of the area of study (a) and some photographs of the slope (b) and torrent 
riverbed (c, d).
Ubicazione dell’area di studio (a) e alcune fotografie del versante (b) e dell’alveo del torrente 
(c, d).
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of 5’000-10’000 m3 occurred in 
September 2014. Since 2014 until 
2017, both geotechincal and geo-
logical data were aquired by Lazar 
et al. 2018: in particular wire ex-
tensometers, tachometry, TLS and 
ALS were adopted to observe the 
evolution of the geomorphology.

3. Data acquisition

The data for this study comes 
from seven different surveys, five 
of which were performed by mem-
bers of the University of Ljublja-
na, Faculty of Civil and Geodetic 
Engineering (Fakulteta za gradbe-
ništvo in geodezijo, FGG) and the 
remaining two were performed by 
the Department of Forestry and 
Renewable Forest Resources of the 
Biotechnical Faculty (Biotehinška 
Fakulteta, BF). They go from July 
2018 to October 2019.

The observed area changed in 
the first surveys: at first only the 
upper part was captured, then 
the entire riverbed has been once 
observed in order to detect the 
eventual transportation of the de-
tached material and progressively 
only the portion of the river closer 
to the slope was sometimes consi-
dered in the survey.

The data from BF were acquired 
with a DJI Mavic Air drone with a 
FC2103 camera model, having a 
focal length of 4.5 mm and retur-
ning images with a resolution of 
4056×3040 pixels. No further de-
scription of the surveys has been 
shared. Apparently, the flights were 
not performed systematically but 
by manual piloting of the drone.

The data from FGG were acqui-
red with a DJI Phantom 4 with a 
FC6310 camera model, having a 
focal length of 8.8 mm and images 
with a resolution of 5472x3648 
pixels. The flight plans changed 
from a survey to another, learning 
from previous experiences. At first 
only one flight for both the slope 

and the river was planned. Due to 
the complex geomorphology of the 
slope, 3 flights were then planned 
with an oblique orientation of the 
camera (45°): the first two were 
performed at the same height, 
one having as reference a previous 
DTM of the area and the other one 
having as reference a plane with an 
inclination close to the overall slo-
pe; the third flight was performed 
as the second one but with a grea-
ter flying altitude in order to gua-
rantee a greater overlap of the ima-
ges. Then, the presence of isolated 
blocks and niches led to consider 
a different point view, so a flight 
with the camera orientated to the 
vertical direction was introduced. 
The portion of the river far from 
the slope was no more considered 
and only one flight with an oblique 
camera was necessary to reduce the 
number of holes in the final model.

In order to perform the geore-
ferencing of the final model, the 
actual position of some control 
points was measured. The actual 
measurements of the position of 
the targets were performed accor-
ding to different geodetic methods.

The methodology adopted by BF 
is unknown, but the coordinates 
available come with a level of accu-
racy between 1,5 and 4 cm both in 
horizontal and vertical direction.

The FGG adopted at first the 
methodology of RTK (Real-Time 
Kinematics) GNSS (Global navi-
gation Satellite System) with an 
achieved accuracy of 4/8 cm: due 
to problems with the GNSS signal 
some measurements came with a 
great error, so this method revea-
led to be not the optimum one. La-
ter a combination of tacheometry 
and GNSS, with an accuracy in a 
rank of 2-3 cm, was adopted.

The number and the distribu-
tion of the targets changed betwe-
en the surveys. The main limit was 
the instability of the slope and its 
accessibility. Some targets were 
placed out of the body of the rock-
slide: at the top, at the bottom, 

and some on the sides of the main 
body, thanks to the presence of a 
road that used to go through the 
slope before being covered by the 
debris flow.

Not all of them were used as 
GCP (Ground Control Points) or 
CP (Check Point) because some-
times the difference between the 
estimated position and the input 
coordinates was too big (probably 
due to some errors in the acquisi-
tion of the spatial datum) or the 
number of projections along the 
images was lower than 2.

4. Data processing

The photogrammetric pro-
cessing is carried out using the 
software Agisoft Metashape Pro 
(version 1.5): it uses a Structu-
re from Motion (SfM) algorithm 
that allows the matching of com-
mon features among the images 
in order to reconstruct the camera 
motion and the 3D geometry of a 
scene. The obtained georeferenced 
dense point clouds are then impor-
ted into the software CloudCom-
pare (version 2.6.1) for multi-tem-
poral change detection by meaning 
of point cloud comparison.

The general workflow adopted 
(Fig. 2) is based on the ones propo-

Fig. 2. Workflow adopted in the data pro-
cessing.
Flusso di lavoro adottato nell’elaborazione dei 
dati.
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sed by several authors (Westoby et 
al., 2012; Johnson et al., 2014; Pas-
salacqua et al., 2015) and it is the 
result of several tests, carried out 
considering which step would have 
significantly affected the next one.

4.1. Import and alignment of 
the images

The first step is the alignment 
of the images, which is based on 
the automatic identification of key 
points among the images and the 
matching of the tie points. Since 
every survey requires more than 
one flight, different set of images 
were aligned in separated chunks. 
During this process, the collinea-
rity equations are solved and the 
camera motion is reconstructed by 
the estimation of the camera loca-
tion. The accuracy of this process 
can be defined by the operator: 
medium, low and lowest setting 
cause image downscaling respecti-
vely by a factor of 4, 16 and 64; the 
highest accuracy setting, instead, 
upscales the images by a factor of 
4 allowing a better estimation of 
the tie points location. Since this 
choice strongly affects the time of 
the processing, the default high 
accuracy setting was adopted and 
the software worked with the ori-
ginal size of the images.

The images come along with 
the camera position and rotation 
measured by the drone itself in a 
WGS84 (EPSG 4326) coordinate 
system, so they were used to per-
form a preliminary pair selection 
of the photos. It is also possible 
to perform a generic preselection 
of the overlapping photos by ma-
tching them using lower accuracy 
setting first. In order to reduce the 
time of processing, both reference 
and generic preselection were per-
formed.

The result is a sparse point cloud 
(Fig. 3) that gives a first rough 3D 
reconstruction of the investigated 
area.

Fig. 3. Sparse point clouds: the color ramp in the legend indicates the number of images in 
which each point is present; the black dots, instead indicate the estimated camera location 
during the survey.
Nuvole di punti sparse: la scala di colori nella legenda indica il numero di immagini in cui ogni 
punto è presente; i punti neri, invece, indicano la posizione stimata della telecamera durante il 
rilievo.
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4.2. Input of GCP coordinates

A three-dimensional model ge-
nerated by aerial images by using an 
Unmanned Aerial Vehicles (UAV) 
can be used to perform accurate 
measurements only if it is properly 
registered in a specific coordinate 
system. There are two basic approa-
ches to perform the georeferencing 
of the model: direct and indirect. 
The direct method is based on the 
presence of sensors that measures 
position (easting, northing and al-
titude) and orientation (yaw, pitch 
and roll) of the camera for every 
image (Reese et al., 2006). In this 
case, both the drones have a GPS 
(Global Positioning System) and 
GLONASS (GLObal NAvigation 
Satellite System) sensor installed. 
The indirect method is based on the 
access to the absolute position of 
some points in the interested area, 
with a level of accuracy accordingly 
to methodology adopted for the 
topographic survey. These points 
are called Ground Control Points 
(GCP), usually signalized with tar-
gets, and they can be introduced by 
inserting markers over the set of 
images: each marker is associated 
with one target visible and reco-
gnizable in a subset of images. The 
first solution is the cheaper and 
the less time-consuming, but it is 
very sensible to interference and 
it can be affected by vehicle mal-
function or construction errors, 
so the estimated parameters may 
come with great uncertainties (Zhu 
et al., 2008). More accurate results 
can be achieved by meaning of the 
indirect georeferencing, even if it’s 
an expensive and time-consuming 
method. In addition to the time re-
quired for the geodetic survey, the 
right positioning of each marker is 
not immediate and it may require 
a critical judgment from the opera-
tor, whose intervention is essential 
in producing high quality model of 
a complex geomorphology, espe-
cially in presence of vegetation (Bi-
telli et al., 2004).

The points coordinates in terms 
of northing, easting and altitude 
in coordinate system of Slove-
nia 1996/Slovene National Grid 
(EPSG::3794) were then imported. 
The data from BF came with a value 
of accuracy for each GCP; the data 
from FGG didn’t have any accuracy 
value and at this stage the default 
value of 0.005 m was applied. The 
later definition of this parameter 
is discussed in the chapter 4.4 Op-
timizing georeferencing.

By this process, the model is 
transformed by estimating 7 pa-
rameters (3 for translation, 3 for 
rotation and 1 for scaling) in order 
to obtain a valid reconstruction of 
the terrain, every point of which is 
associated to three spatial coordi-
nates in a known reference system. 
This can also help to compensate 
the eventual linear errors in the first 
alignment of the cameras. Since the 
overlapping of the images and the 
shape of the terrain could lead also 
to non-linear deformation of the 
model, the camera alignment must 
be optimized. This is performed by 
optimizing the cameras, using a 
function inside the software that 
minimizes the sum of reference 
coordinate misalignment error and 
reprojection error while adjusting 
the estimated point coordinates 
and the camera parameters.

Some markers showed greater 
value of error, indicating a possi-
ble outlier in the measurements. 
Before eventually remove these 
markers, the cleaning of the point 
cloud was performed to obtain 
better result from optimizing the 
cameras parameters in the fol-
lowing steps since this process is 
affected by the presence of mislo-
cated points.

4.3. Cleaning the sparse point 
cloud by gradual selection

As discussed before, the align-
ment of the images could lead to 
both linear and non-linear errors 

in the 3D reconstruction of the 
scene. Georeferencing the mo-
del by introducing the measured 
spatial coordinates of GCPs could 
compensate the linear error, but 
in order to correct the non-linear 
errors the optimization of camera 
parameters must be performed. 
This is a useful and powerful tool 
since it strongly affects the result 
of the georeferencing. It is used 
every time after changing the 
GCPs to look for a possible outlier 
or selecting the proper set of CPs 
to verify the quality of the geore-
ferencing. This is the reason why 
the sparse point cloud must be 
edited: the estimation of camera 
parameters and the quality of the 
reprojection depends on the pre-
sence of mislocated points.

The selection of the points to 
remove is performed by setting 
a threshold for each of these pa-
rameters: reprojection error, recon-
struction uncertainty, image count 
and projection accuracy. In order to 
find the best way to perform such 
selection, different approaches 
were considered in order to obtain 
a good reconstruction of the 3D 
model without losing too many 
points.

The approaches adopted and 
compared are:
•  CLEAN 0: this method is the 

simplest and it has based on an 
application in archaeological 
and cultural heritage studies 
by Mallison H., 2015. A value 
of 80-90% of the maximum 
reprojection error was set as a 
threshold: points with greater 
error were removed. In case of 
reconstruction uncertainty and 
projection error, a threshold of 
10 was set. After the removal of 
the points ended, the optimi-
zation of the cameras has been 
run with the default parameters 
selected. Due to the different 
kind of field of application, new 
approaches were tested.

•  CLEAN 1A: this method intro-
duced the principle of setting 
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the threshold value in order to 
obtain the selection of 5-10% of 
the points of the sparse cloud, 
since the previous approached 
sometimes led to a very small 
or very large selection of points. 
The sequence of the parameters 
adopted in the gradual selection 
and the default options in opti-
mizing the cameras were kept 
unchanged.

•  CLEAN 1B: this approach mixes 
the methods CLEAN 1A and 
CLEAN 2. The order of the pa-
rameters used in the gradual se-
lection and the 5-10% threshold 
principle were kept unchanged. 
After removing the selected 
points, the camera parameters 
were optimized each time: in 
case of reconstruction uncer-
tainty and projection accuracy, 
all the parameters of the camera 
were considered.

•  CLEAN 2: this method is based 
on the introductory training 
class in Unmanned Aircraft Sy-
stems Data Post-Processing pro-
posed by United States Geolo-
gical Survey (USGS, 2016), the 
sole science agency for the De-
partment of the Interior of the 
United States of America. This 
is the most complex method 
adopted, but it finds its appli-
cation in the reconstruction of 
a terrain model from aerial sur-
veys so it closer to this study. 
The sequence of the parameters 
used in the gradual selection 
changed and after removing 
the selected points the optimi-
zation of cameras was perform 
selecting all the camera parame-
ters for the selections based on 
the projection accuracy and re-
projection error. The selections 
based on the reconstruction 
uncertainty and projection ac-
curacy were run twice. Also in 
this case the 5-10% threshold 
principle was adopted. The ima-
ge count wasn’t considered in 
any of the methods and for any 
of the data sets, since setting a 

threshold number immediately 
lower then given value (3) would 
have selected a very large num-
ber of points, close to 50%. This 
process would have removed 
those points that are present 
only in 2 images but in these 
cases it would have strongly af-
fected the characterization of 
the slope and the quality of the 
final model.
In order to reduce the time of 

the cleaning process, for every 
survey the sparse point cloud ge-
nerated from the different flights 
were merged into one single point 
cloud. This step was performed ba-
sed on the position of the markers.

The comparison of the results 
obtained from the several appro-
aches considered the reprojection 
error, RMS and maximum values, 
both in terms of tie point scale and 
pixel. Also the mean key point size, 
defined as the mean tie point sca-
le averaged across all projections 
(Agisoft Metashape User Manual), 
was considered. 

Since low values of both re-
projection error and mean key 
point size stand for a better quali-
ty of the model, the approach that 
led to a greater reduction of this 
parameters was considered to be 
better choice in terms of cleaning 
method of the sparse point cloud. 
For the data from BF (D1, D6) the 
CLEAN 1A was considered valid; 
for the data coming from FGG 
(D2, D3, D4, D5, D7) the best re-
sults were given by the CLEAN 2 
method.

4.4. Optimization of the 
georeferencing

In the photogrammetric proces-
sing of the images, a better defini-
tion of the position and rotation of 
the camera at the time when every 
image was taken can be defined by 
introducing several Ground Con-
trol Points (GCPs) in order to per-
form an indirect georeferencing of 

the model. This process performs a 
transformation of the point cloud 
in terms of translation, rotation 
and scaling with the purpose to 
better fit the input coordinates 
of the GCPs with the estimated 
position of the associated targets 
present in the model. However, 
in Agisoft Metashape introducing 
some GCPs allow also to constrain 
the bundle block adjustment, as 
suggested by Benassi et al., 2017. 
The amount and the spatial distri-
bution of GCPs affect the quality 
of the final registration: the mi-
nimum request is having at least 
three non-collinear points. A good 
distribution over the entire area of 
study allows to prevent a rotation 
of the point cloud around the GCP 
and an incorrect size definition of 
the model. A great amount of GCPs 
grantees a more rigid registration 
of the model but they also requi-
re a greater number of resources, 
in terms of cost and time. Both 
these conditions are then affected 
by the accessibility of the site. The 
presence of obstacles such as the 
vegetation could also affect the vi-
sibility of the targets.

Taking into account all these 
considerations, even in the best 
scenario the quality of the geore-
ferencing and so the validity of the 
3D terrain reconstruction is de-
pendent to the accuracy of the po-
sition measurement of the target 
on site. This is performed by a ge-
o-topographic survey that could be 
carried out by different methods, 
involving different technologies. 
Such procedure isn’t perfect: it is 
affected by gross errors that can be 
avoided by performing redundant 
measurements, systematic errors 
that follow a certain pattern and 
random errors that may cause 
small unavoidable fluctuations in 
the registration of the data. This 
could lead to the presence of some 
outliers or measurements so inac-
curate to significantly reduce the 
quality of the registration. So, at 
this stage, thanks to a preliminary 
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georeferencing of the models an 
estimation of the error in the re-
projection was possible.

The values of northing, easting 
and altitude for each remaining 
GCP are not precise but they come 
with a level of uncertainty.

For the data from BF, the level of 
accuracy for each GCP is given: it 
goes from 0.018 to 0.038 m, with 
a mean value of 0.024 m, for the 
first survey (D1) if one GCP with 
an accuracy of 5 m is not conside-
red; it goes from 0.011 m to 0.032 
m, with a mean value of 0.02 m, 
for the second survey (D6). Al-
though the surveying method has 
not been shared.

For the data from FGG, instead, 
a value of accuracy is not defined. 
For this reason, a simple method 
which reliability is yet to be de-
monstrated has been adopted to 
find a reasonable value. The first 
survey (D2) was carried out by 
RTK GNSS and its expected ac-
curacy was around 0.04 m in the 
horizontal direction and 0.08 m in 
the vertical direction; due to a low 
intensity of the signal that led to 
unprecise measurements in some 
portion of the site, the metho-
dology changed for the following 
surveys and a combination of 
GNSS and tachometry was adop-
ted, achieving an accuracy in the 
rank of 0.02 m in the horizontal 
direction and 0.04 m in the verti-
cal direction.

This estimated values of accu-
racy were tested in order to verify 
if they were low enough to gua-
rantee a short difference in the 
reprojection error of the same 
marker used as GCP and then as 
CP: a big difference would have 
highlighted a non-homogeneous 
distribution of the error in the re-
gistration of the model, due to an 
over-estimated level of accuracy 
that would have forced the fitting 
of the model in some portion of 
the point cloud. In order to obser-
ve such behaviour, the following 
method has been adopted. Three 

Fig. 4. Georeferenced dense point clouds; the color ramp in the legend show the error in 
the vertical direction; the error for each GCP and their distribution is shown.
Nuvole di punti dense georeferenziate; la scala di colori nella legenda mostra l’errore nella dire-
zione verticale; viene mostrato l’errore per ogni GCP e la loro distribuzione.
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different values of accuracy were 
considered: 0.005 m, 0.01 m and 
0.02/0.04 m (0.04/0.08 m for D2). 
For each marker, for a given accu-
racy, the reprojection error as GCP 
was compared to the value as CP, 
both before and after optimizing 
the cameras in order to check any 
significant change. The optimiza-
tion of the camera led to very dif-
ferent values and no useful pattern 
was recognized while changing the 
accuracy. The comparison showed 
how high level of accuracy lead to 
a greater difference between the 
estimated position of the few mar-
ker and their actual coordinates; 
lower accuracy, so a wider level of 
confidence, instead reduced such 
differences and guaranteed a more 
flat distribution indicating an ho-
mogenous distribution over all the 
markers of the uncertainty of the 
terrain reconstruction.

At the end, the proposed values 
of accuracy satisfied the expecta-
tions since all the differences were 
lower than 1 mm.

The final results, adopting all 
the valid points as GCP, in terms of 
horizontal, vertical and total error 
are shown in Figure 4: the achie-
ved accuracy of the reprojection is 
between 2 and 4 cm.

4.5. Building of dense point 
cloud

At this point, the point clouds 
are ready to be used for building 
a dense point cloud with far more 
information. Agisoft Metashape 
elaborates a depth map for every 
image starting from the estima-
ted camera locations. This means 
that after this process no camera 
optimization can be run without 
losing the dense cloud, so the refe-
rence system must be defined and 
properly optimized. The camera 
positions were estimated conside-
ring all the valid markers as GCP, 
for several reason: low number 
of markers available if compared 

to the scale of the site of interest; 
poor distribution of the markers 
due to the reduced accessibility 
of the slope; complexity of the 
geomorphology (niches, isolated 
blocks, rock-walls oriented in dif-
ferent directions) that could easily 
lead to a poor reconstruction and 
a distortion of the model.

4.6. Classification

A Digital Surface Model (DSM) 
is the representation of the sur-
face of the earth considering the 
presence of all the natural and ar-
tificial objects, such as vegetation, 
buildings, roads, etc. The Digital 
Terrain Model (DTM), instead, is 
the representation of surface of 
the ground without any artificial 
object and without any vegetation 
(Meza et al., 2019); this mean that 
DTM comes after the elaboration 
of a DSM from which non-ground 
point are identified and assigned 
to a class that regroups the point 
of a particular category of objects 
(cars, buildings, high vegetation, 
roads, etc.).

The classification of point cloud 
with the purpose of obtaining a 
DTM can be often a critical opera-
tion, especially in natural and com-
plex landscape where we can find 
a dense forest of high vegetation 
and a diversified geomorphology. 
The manual selection of the poin-
ts for every class can be the most 
reliable method but certainly the 
most time-consuming accordingly 
to the scale of the model. In the 
last 20 years, many algorithms 
were studied to automatize this 
process and literature is rich of 
studies that compare their results 
and highlight their limits (Passa-
lacqua et al., 2015). There are four 
main categories of approach in or-
der to perform such a classification 
and they differ for the assumed 
structure of the ground points: 
progressive densification filters 
starting from seeds (for example 

the detection of the lowest point); 
surface-based filters that progres-
sively remove the points that don’t 
fit the surface model; morpho-
logical filters; segmentation and 
clustering-based filters that work 
in homogenous portions of the 
model rather than on every single 
point. Studies carried out by Sitho-
le et al., 2004 on the application of 
different filtering algorithms on 
rural landscapes, urban areas and 
rough terrain with vegetation re-
vealed that filters that estimate 
local surfaces are found to per-
form best. For this reason, it was 
worth it to try different solutions 
applying the algorithms that come 
with Agisoft Metashape and Clou-
dCompare.

In the first case, the Classify 
Ground Points algorithm was 
used. The software was able to per-
form an automatic classification of 
ground points based on the defini-
tion of several parameters set by 
the user (for more information, 
more details are present in Agisoft 
Metasahpe User Manual). Diffe-
rence tests were performed chan-
ging the cell size, the max distan-
ce and the max angle but none of 
those led to good results: in every 
case many portions of the slope 
were not classified as ground and 
in some cases portion of the vege-
tation were misclassified, causing a 
necessary intervention of the user 
to perform a long and precise ma-
nual classification.

Given such results, some tests 
were carried out by using Cloth Si-
mulation (CS) filter, thanks to the 
plug-in integrated in the last ver-
sion of CloudCompare. The details 
of the algorithm and the definition 
of the parameters that the user can 
manipulate are better described 
by Zhang et al., 2016. The parame-
ters that would set the simulation 
process were changed in order to 
find out the best result. The main 
problem was to let the cloth adapt 
to the asperities and niches of the 
rock mass: every test left out some 
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portion of the terrain and none of 
the parameters configuration led 
to a good representation of the 
entire slope.

The many difficulties in finding 
the best automatic classification 
of the ground point by using both 
the presented methods made ine-
vitable the manual intervention 
of the operator. In order to facili-
tate this task, a first preliminary 
classification was performed by 
using a simplified method. A mul-
ti-class classification has been run 
in Agisoft Metashape and, than-
ks the machine learning techni-
ques, an automatic classification 
of the point cloud in different 
classes (ground, high vegetation, 
building, car and man-made) was 
possible. The other parameter that 
the user can change is the level of 
confidence: it goes from 0 to 1 and 
high values means that the point 
which class cannot to be reliably 
assigned would remain unclassi-
fied. For simplicity, it was set equal 
to 0. The obtained results were not 
precise, but good enough to make 
easier and faster the manual clas-
sification. This one was performed 
roughly in the vegetated areas, 
where an accurate selection of the 
ground points would have led to a 
terrain full of holes. For this rea-
son the forests on the sides of the 
area of interest and the portion in 
the middle of the bottom area were 
classified as high vegetation: the 
future comparison of the models 
will not show any possible change 
detection in these areas.

5. Point cloud comparison

CloudCompare is an open sour-
ce software originally designed 
to process and compare both 3D 
point clouds and triangular me-
shes. Its development began in 
2003 and in the last years it evol-
ved into a more generic 3D data 
processing software, including dif-

ferent kind of algorithms allowing 
to perform registration, noise 
filtering, point classification, nor-
mal computation and many other 
functions.

5.1. Noise filtering

Differently form the Gradual 
Selection in Agisoft Metashape 
already discussed, CloudCompa-
re allow to automatically remove 
some points considering the geo-
metry of the point cloud and the 
relative position and distance of 
each point.

After removing the duplicate 
points, the point clouds were sub-
sampled setting a minimum point-
to-point distance of 5 cm. Since 
some isolated groups of points 
were still present, the S.O.R. (Sta-
tistical Outlier Removal) filter 
was used: it removed the points 
according to a relative error defi-
ned as the average distance plus 
the standard deviation multiplied 
by a factor (nSigma) chosen by the 
user. A constant number of kNN 
of 100 and a nSigma of 1 were 
able to remove most of the noisy 
points from the perimeter and 
the holes of the point clouds. The 
only exception was the point cloud 
from data D1: the filtering process 
would have significantly affected 
the density of the overall model, 
so it wasn’t performed.

5.2. Registration

The next step consists in the 
alignment of the point clouds that 
are supposed to be compared. A vi-
sual inspection of the point clouds 
is performed to verify the quality 
of the automatic projection of the 
points into the software environ-
ment. The only unmovable artifi-
cial objects in the scene were the 
portions of two roads crossing the 
sides of the middle section of the 
slope: in some cases, there was a 

good correspondence, in others a 
vertical offset was visually clear. 
After detecting the Δz for multiple 
points of the roads, one of the two 
point clouds was rigidly transla-
ted in the vertical direction of an 
average value of Δz. Since the re-
ferences for the registration of the 
point clouds were two areas along 
one direction, this approached was 
adopted to perform a preliminary 
registration but it was not consi-
dered good enough to judge the 
overall alignment of the models 
since it wasn’t possible to verify 
an incorrect rotation of the model 
that would have affected a bad ali-
gnment at the top and at the bot-
tom of the slope.

In order to avoid a misestima-
tion of the changes between two 
point clouds, an automatic fine 
registration was performed. Both 
an Iterative Closest Point (ICP) al-
gorithm and a multiple point-pairs 
picking method were tested (for 
more detail, look at CloudCompa-
re User Manual), but none of them 
gave good results. In the end, given 
the limits of the available option to 
perform an automatic registration 
led to consider the preliminary re-
gistration valid.

5.3. Estimation of cloud-to-
cloud distance

CloudCompare is an indepen-
dent open source project and its 
most common application is the 
comparison of two entities, that 
could be two point clouds or one 
point cloud and a mesh. Surface 
changes measurements usually 
are purchased by two different 
approaches (Lague et al., 2013): 
computation of a displacement 
field by tracking of homologous 
parts of the surface, usually ap-
plied to monitor landslides; cal-
culation of the distance between 
two model, usually applied when 
there aren’t homologous parts in 
the scene.
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The rock fall and the debris flow 
are instability phenomena usually 
not characterized by the slow mo-
bilization of a deformable mass. In 
the first case, one or more blocks 
detach from a niche and they reach 
the valley or an obstacle in diffe-
rent ways, by rolling or jumping or 
a combination of both; in the se-
cond case we have different blocks, 
already detached, with similar or 
different sizes, and even if in some 
occasions a soil-like behaviour can 
occur, singular blocks can flow by 
their own. For this reason and ac-
counting the total absence of re-
cognizable movable homologous 
parts, the distance computation 
approach was adopted.

In order to perform such proce-
dure, the software uses different 
tools: Cloud-to-Cloud compari-
son (C2C), Cloud-to-Mesh com-
parison (C2M) and Multiscale 
Model to Model Cloud Compari-
son (M3C2). The decision of the 
most reliable method was based 
on previous comparative studies 
applied in geoscience fields. The 
same Lague et al. 2013 showed 
that M3C2 algorithm is more ro-
bust to changes in point density 
and point cloud noise, differently 
from and C2C, and even if it could 
be accurate as C2M, it’s the only 
one to allow a local confidence 
interval estimation; Nourbakhsh-
beidokhti et al., 2019 tested these 
methods applied to topographic 
changes estimation in channel se-
dimentation and M3C2 revealed 
to be the most reliable to highli-
ght the erosion and deposition ra-
tes from point cloud comparisons, 
considering also the fact that this 
method doesn’t use interpolation 
which could lead to some errors, 
especially in complex terrain. In 
addition, the Lague et al., 2013 de-
monstrate the M3C2 algorithm’s 
ability to handle complex 3D geo-
metries, with both flat and verti-
cal faces on the same scene, and to 
reduce the uncertainty caused by 
the local roughness of the model. 

Such algorithm, also, guarantees 
two advantages: defining locally 
a level uncertainty that goes with 
the distance estimation, also cal-
led level of detection or LOD95%; 
estimating the distance on a sub-
set of the point cloud, consisting 
of the core points, in this case 
identified by defining a minimum 
distance of 0.5 m. For the details 
of the M3C2 algorithm and the 
proper definition of the parame-
ters that the user must set, the 
authors remind to the full article 
by Lague et al., 2013. However, 
the considerations made to decide 
the values of optimal normal scale 
and projection scale, are proposed.

5.3.1. Definition of the normal 
orientation and the optimal 
normal scale

In complex rough surfaces, the 
value of the normal scale D stron-
gly affects the normal orientation 
and consequently the possibility 
to detect an overestimated distan-
ce between the two point clouds. 
Figure 5 shows how a normal sca-
le (D1) similar to the local rough-

ness would detect very different 
normal directions, leading to an 
incorrect distance estimation; a 
larger normal scale (D2) would be 
able to compute a more uniform 
normal orientation, ignoring the 
effect the surface roughness. No-
tice that the standard deviation 
σ1(d), measured along a normal 
direction defined by a large scale, 
varies with small scale variations 
in surface orientation, leading to 
a larger local confidence interval, 
meaning a less accurate distance 
estimation. On the other hand, in 
order to detect large scale chan-
ges in surface orientation and to 
observe the possible detachment 
or displacement of medium size 
blocks, the normal scale should 
not be too large.

Under these circumstances, an 
optimal value of the normal sca-
le D should be estimated. A sim-
ple and empirical solution would 
be defining a range of scales, for 
example from 0,5 m to 5 m with 
a 0,5 m step, and the local value 
of D would be the one ensuring a 
minimum of 10 points used in the 
normal estimation. This method 

Fig. 5. Scheme of a complex topography and consequences of different normal scales in 
distance computation. (Figure from Lague et al., 2013).
Schema di una topografia complessa e conseguenze di diverse scale della normale nel calcolo 
della distanza. (Figura tratta da Lague et al., 2013).



26 Dicembre 202026 Dicembre 2020

environment

would better adapt to the variety 
of geometries into the scenes, 
avoiding the definition of one con-
stant normal scale that may overe-
stimate the distance between the 
two point clouds or not-detect a si-
gnificant change in surface orien-
tation. The only problem comes 
with a restriction inside the M3C2 
plug-in: the normal orientation 
necessarily requires, in absence of 
the sensor position for the referen-
ce point cloud, the definition of a 
preferred orientation among a re-
stricted list of options: ±X, ±Y, ±Z, 
± Barycenter, ± (0,0,0). Since none 
of these options gave valid estima-
tion normal orientation, the nor-
mals were computed by using the 
tools inside CloudCompare. The 
most useful feature was the possi-
bility to adjust the orientation of 
the normals according to a Mini-
mum Spanning Tree method.

However, this approached has 
its own limit: it allows to set only 
one value of the normal scale D. 
The best solution revealed to be 
testing different values, from 0,5 
m to 15 m, in order to assess the 
proper surface roughness recon-
struction. Greater values of the 
normal scale would have led to a 
smoother surface, lower values 
would have detected small details 
of the surface asperities. At the 
end, the best value in terms of 
processing time and proper surfa-
ce roughness restitution was 1 m.

5.3.2. Definition of the optimal 
projection scale

The value of d strongly affects 
both the spatial resolution of di-
stance computation and the con-
fidence interval: for greater values 
of the projection scale the spatial 
resolution of measurements de-
creases while the capacity of de-
tecting statistically significant 
change increases. It follows that 
an optimal value of the projection 
scale must be found in order to 
properly detect the changes betwe-

en the point clouds without losing 
any significant information.

Lague et al., 2013 studied this 
question by observing the rela-
tionship between d and LOD95% 
accordingly to different surface 
roughness (flat cliff, cobbles, de-
bris) and different point density 
(Figure 6). The estimation of level 
of detection is obtained by com-
paring identical point clouds. This 
shows that for low values of d, 
0.1-0.2 m, the estimated confiden-
ce interval in flat surfaces is too 
short and it leads to the detection 
of changes that should not be sta-
tistically significant. This happens 
for compared point clouds with 

both similar and different point 
density. In case of rough surfaces, 
as cobbles and debris, increasing 
d over the value of 1 m strongly 
increase the percentage of point 
detecting significant surface chan-
ge. For point clouds with different 
point density, this happens with 
values greater than 0.5 m.

The point clouds object of this 
study presents the following fe-
atures: their point cloud density 
is very similar since they all have 
been subsampled at 0.05 m; they 
all present both flat and rough sur-
faces at different scales. In conclu-
sion, the optimal projection scale 
must be found in a range that goes 

Fig. 6. Relationship between the distance uncertainty (also called level of detection, 
LOD95%) and d in different kind of terrain. (Figure from Lague et al., 2013).
Relazione tra l’incertezza della distanza (chiamata anche level of detection, LOD95%) e in 
diversi tipi di terreno. (Figura da Lague et al., 2013).
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from 0.3 m and 2 m; three values, 
0.5, 1 and 2 m, were tested. Incre-
asing the parameter d would have 
detected more homogenous and 
wider areas with points detecting 
a significant change, but since the 
rock instability can be a small sca-
le phenomenon rather than occur 
on large scales and considering the 
effort done so fare to not lose in-
formation about the surface rou-
ghness, the medium value of 1 m 
was chosen as the final solution.

5.3.3. Results of M3C2 distance 
estimation

The results of the comparison 
are shown in the Appendix A; an 
example is reported in Figure 7. 
The first model D1 has been com-
pared to the LiDAR data coming 
from the Slovenian Environment 
Agency, Agencija Republike Sloveni-
je Za Okolje (ARSO). Positive values 
of distance are indicated with me-
dium grey, negative values are in-
dicated with dark grey. The shown 
distance uncertainty is the level of 
confidence in detecting the distan-
ce between the two point clouds.

The results allow to emphasize 
the niches were the detachment 
occurred, mainly along the vertical 

wall the rock mass in the left upper 
part of the slope, with particular 
occurrence at the top. The loss of 
material occurs even on the debris 
deposit: this is not unusual since 
instabilities, triggered by the im-
pact of a block or rainfall, can oc-
cur inside debris deposit causing 
a debris flow towards the valley. 
It is possible also to recognize the 
areas where the material accumu-
lated causing an increase of volu-
me in the debris deposits, both 
across the middle portion of the 
slope and along the bottom part, 
affecting mainly the right. Many 
changes are also observed along 
the riverbed and on the riverban-
ks, where mining activities cause 
the removal and stocking of natu-
ral material. The presence of rela-
tively small distances, lower than 
1 m, between two point clouds 
coming from consecutive surveys 
detects a smaller scale evolution 
well distributed all over the entire 
slope.

Such estimations come with a 
level of detection, which in most 
cases is globally lower than 10 cm. 
In the portions of the slope whe-
re the surface orientation is more 
consistent, a confidence interval 
close to the registration error oc-

curs. Greater values of LOD95% 
are mainly caused by a poor recon-
struction of the reference and/or 
compared point cloud or can be 
the consequence of a local increase 
of the surface roughness

5.4. Calculation of volume 
changes

In literature different approa-
ches to detect topographic volu-
me changes by comparison of two 
point cloud representing natural 
geomorphologies are adopted: 
Wheaton et al., 2010 and William 
R.D., 2012 applied the Difference 
of DEMs (DoD) method perfor-
ming a comparison between two 
horizontal grids in order to de-
tect a vertical surface variation, 
commonly adopted to study ero-
sion and sedimentation in flu-
vial environments as riverbeds; 
Guinau et al., 2019 performed 
point cloud-mesh comparison to 
observe volume changes in a na-
tural rockslide and an artificially 
triggered rockfall; Stumpf et al., 
2014 combined the M3C2 distan-
ce computation with a grid com-
parison by meaning of a local in-
terpolation along a circumscribed 
best fitting plane.

In this case, the DOD would 
have led to a great loss of infor-
mation in a complex terrain, whe-
re many vertical surfaces with 
different orientation are present 
(Lague et al., 2013), and the de-
scriptions of the last two metho-
dologies given by the authors were 
not enough to reply their approa-
ch. For these reasons, a simplified 
method proposed by Griffith and 
Thompson, 2017 was adopted: 
they studied the application of 
laser scanning in quantifying the 
abrasion level on water-submer-
ged human bones and they pro-
posed a simple analytical approa-
ch based on the M3C2 algorithm. 
The principle is obtaining a partial 
volume Vi by multiplying for each 

Fig.  7. Indicative example of the results of the cloud-to-cloud comparison, in this case D5 
vs D6, in terms of distance uncertainty (a) and distance (b); this values are visualize on the 
compared point cloud (D6, in this case).
Esempio indicativo dei risultati del confronto tra le nuvole di punti, in questo caso D5 vs D6, in 
termini di incertezza della distanza (a) e distanza (b); questi valori vengono visualizzati sulla 
nuvola di punti confrontata (D6, in questo caso).



28 Dicembre 202028 Dicembre 2020

environment

point i the LM3C2 distance for a 
local circular area Ai; the total vo-
lume is then given by summing the 
different Vi. Such cylinder could 
be considered the same as the one 
adopted by the M3C2 algorithm in 
the cloud-to-cloud distance com-
putation, but this could lead to 
some error: in a complex surface 
the normal orientation could vary 
a lot, causing the overlapping or 
the non-tessellating of the cylin-
dric volumes, hence an overesti-
mation or an underestimation of 
volume variation.

However, since the roughness of 
the surface and the normal orien-
tation along which the distances 
are considered while running the 
M3C2 algorithm, it can be ap-
plied also to complex and rough 
geomorphology by imagining a 
regular planar distribution of the 
core points (Figure 9) where the 
dp, point-to-point distance, is set 
equal to the core point distance, 50 
cm. This should avoid, with some 
uncertainty, to alter the actual 
area of the scene. To each point a 
volume, given by multiplying the 
area A for the associated LM3C2, has 
been assigned.

The cumulative results (Table 1), 
for both positive and negative va-
lues, representing respectively an 
accumulation and a loss of volume, 
were then computed by running a 
script in Matlab since an ASCII file 
of the point cloud was possible to 
export from CloudCompare.

Tab. 1. Cumulative results for volume change 
estimation from each comparison.
Risultati cumulativi per la stima della variazio-
ne di volume da ogni confronto.

VOLUME (m3)

Positive Negative

D1 20˙393 13˙218

D2 slope 522 19˙746

D2 river 27˙570 7˙162

D3 6˙401 10˙425

D4 12˙338 13˙953

D5 2˙977 5˙138

D6 30˙524 19˙554

D7 2˙702 5˙310

Positive values indicate an ac-
cumulation of material, negative 
values indicate a loss of volume 
mainly due to the detachment that 
describe the evolution of the rock 
mass. In most cases, the results are 
very different. The most frequent 
scenario is a negative volume 
bigger than the positive one: this 
can be justified considering the 
possibility that most of the deta-
ched material could have felt out 
of the scene captured during the 
survey, accumulating among the 
vegetated areas in left bottom por-
tion of the slope or even reaching 
farther points of the riverbed. A 
falling block could also be divided 
into smaller debris due to the im-
pacts with the surface, so that the 
material could spread in different 
directions reducing the actual sur-

face change that can be confidently 
detected. Finally, the presence of 
a mining activity in the valley and 
secondary instability phenomena 
triggered by natural events cannot 
be ignored: the final balance can be 
affected by both human activities 
and natural causes. Others scena-
rios, where the positive volume is 
bigger than the negative one can 
be justified more likely in the same 
way: the detachment occurred in a 
portion out of the scene or where 
the model was not reconstructed 
due to the presence of vegetation 
or the small and distributed ero-
sion of the rock mass, lower than 
the level of detection, led to the ac-
cumulation of material in the bot-
tom debris deposit. Combining the 
results of both the slope and river 
model in case of the second data 
set D2, a relatively small difference 
between the accumulated and the 
detached material is shown: this 
indicates that a portion of the ma-
terial reached the valley and some 
of this has been transported by the 
Belca torrent towards the main 
Sava river.

6. Conclusion

The final results show a quali-
tative and quantitative evolution 
of the slope: the main areas where 
the detachment and accumulation 
of rock blocks occurs are detected, 
and an evolution of the material in 
the riverbed, especially in the up-
per part, is reported.

This experience highlights the 
fact that even if the photogram-
metric elaboration could have a 
high level of automatization, the 
judgment of the user is required 
when reconstructing a complex 
geomorphology. SfM software are 
very useful since they provide a 
user-friendly low cost technique 
when a scene or even an object 
need to be reconstructed in a 3D 
virtual environment, starting 

Fig. 8. Scheme of the principle behind the methodology adopted to estimate volume chan-
ges starting from M3C2 distances. (Figure from Griffith and Thompson, 2017).
Figura 8. Schema del principio alla base della metodologia adottata per stimare le variazioni di 
volume a partire dalle distanze M3C2. (Figura da Griffith e Thompson, 2017).
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simply from multiple overlap-
ping images taken from different 
points of view. Vast areas can be 
investigated by UAV, nowadays ac-
cessible to everybody in terms of 
economic expense, portability and 
level of automatization during the 
flight. The data processing become 
more challenging when an indirect 
georeferencing using GCPs is re-
quired and the final reprojection 
error must be minimized: the 
experience and the knowledge of 
the user are the key elements to 
obtain the best result possible, be-
cause in most cases an inspection 
of the images is needed to assess 
the projection of the markers and 
their right positioning into the 
images could require an iterative 
process (Bitelli et al., 2004). Also 
the ground point classification 
may need a manual intervention: 
considering the limited results re-
turned from many different algo-
rithms. There are even algorithms 
as CANUPO that can be trained by 
manually assigning some portion 
of the scene to a defined class, but 
even in this case the experience of 
the user is the key element to bet-
ter train the classifier and reach a 
good result in obtaining the nee-
ded ground point cloud.

In natural hazard estimation, 
the photogrammetric process can 
be a powerful source for geometric 
considerations and stability analy-
sis. Indirect geomechanical sur-
veys can be carried out on the rock 
mass in order to assess the spatial 
distribution of the joint sets and 
potentially estimate the size of 
the block more likely to collapse: 
high resolution fault and fractures 
maps can be created to observe 
the growth, the mechanics and the 
properties of the fractures (Bemis 
et al., 2014). A closer investigation 
of the debris deposit could allow 
the estimation of the sediment 
granulometry to evaluate the in-
ternal stability.

The comparison with other kind 
of data it could also help in the re-

construction of the entire natural 
phenomenon. Here the areas most 
susceptible to detachment and ac-
cumulation, observed in a short 
period of time, almost 1 year if 
excluding the LiDAR data coming 
from the 2014, are shown but 
more can be done: a correlation 
with external factors as rainfalls or 
mining activities could eventually 
highlight possible triggering fac-
tors of instability.

In the end, many things can 
be accomplished by combining 
UAV photogrammetry and SfM 
software. They provide a low-cost, 
rapid and flexible alternative to 
other methodologies for accurate 
geomorphological mapping. They 
can also be used before and after a 
natural event or also in real time in 
order to offer a basis upon which 
to test models, forecast and under-
stand the evolution of the investi-
gated process (Tarolli P., 2014).
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geoingegneria e attività estrattiva

1. Introduction

For many years, it has been 
known that climatic factors such 
as rainfall and temperature broadly 
shape regions with different types 
and intensities of alteration in re-
lation to the rocks in these exposed 

environments (Peltier, 1950). In the 
pedological field, the FAO proposed 
a soil degradation index (FAO-Une-
sco 1980) which was subsequently 
resumed and modified by Magaldi, 
Ranalli and Ungaro (2011), with 
a view to applying it also to stone 
materials. This index (AGCT) corre-

lates well with the LN of the solar 
radiation of Tuscany, according to 
the equation y = 723.74x – 6142.9, 
where y is the degradation index e 
x the LN of the solar radiation, with 
R2 = 0.4584, thus indicating that 
the alteration broadly increases in 
the southernmost climatic zones. 
Recently, many authors and, in 
particular, A.Goudie (2016), L.Mol 
(2014), J. Mattews et al. (2016), 
have highlighted in the geomor-
phological and applied geological 
field the relevance of an inexpensi-
ve and easy-to-use tool, such as the 
Sclerometer or Schmidt Hammer, 
which allows a rapid evaluation, 
both in the field and in the labora-
tory, of certain mechanical proper-
ties of a rock mass, starting with 
its uniaxial compression strength, 
measured by the bounce of a steel 
ball. Recently, a set of measure-
ments taken with the Sclerometer 
on approximately fifty outcrops 
of a commonplace sandstone in 
Tuscany (the Oligocene Macigno) 
developed according to a N-NW 
S-SE band verified that their resi-
stance decreases significantly from 
the northernmost to the southern-
most areas (Magaldi, 2019). Taking 
this point into account, this survey 
seeks to ascertain as to whether 
another lithology similar to the pre-
vious one, but with fewer outcrops 
and commonplace in Tuscany and 
northern Lazio, was subject to the 
same trend as the Macigno. For this 
purpose, the decision was made to 
examine a Lithic Greywacke with 
carbonate cement dating to the 
Late Cretaceous, called Pietraforte 
(Bortolotti, 1962), distributed in 
various isolated “slabs” oriented 
according to a band fairly similar to 

A previous article relating to a series of outcrops of an Oligocene sandstone (Macigno) located 
in Tuscany along a N-NW S-SE band, illustrated that the compression strength values measu-
red with the Schmidt Hammer gradually decreased from north to south. This study applies the 
same criteria and methods to the outcrops of another sandstone (Pietraforte = Strong Stone) 
belonging to the geological formation of the Super Gruppo della Calvana from the Cretace-
ous-Eocene age. The results reveal a similar trend for the outcrops between Poppi (lat. 43°45’) 
and Radda (lat. 43°29’), while the southernmost part (from Radda to Santa Marinella (lat. 
42°02’, Rome) shows an initial process of case hardening, which toughens the rock due to the 
presence of hydroxides-oxides of Fe / Mn, and neogenic clay, and that can be attributed to the 
action of solar radiation. This facilitates the disintegration of the poly-minerals rock in the nor-
thern areas, while the ones located in the south, through the dehydration and oxidation of the 
hydroxides of Fe / Mn, the precipitation of carbonates and the incorporation of colloidal silica, 
determines significant hardening, especially on the surface levels.
Keywords: Schmidt Hammer, Insolation weathering, Mesozoic sandstones.

L’alterazione generata dall’insolazione su alcuni affioramenti di Pietraforte in To-
scana e nel Lazio Settentrionale, misurata con lo sclerometro. Un precedente articolo 
relativo ad una serie di affioramenti di una arenaria oligocenica (Macigno) disposti in Toscana 
lungo una fascia N-NW S-SE, ha evidenziato che i valori di resistenza alla compressione misurati 
con lo Schmidt Hammer andavano progressivamente diminuendo procedendo da Nord verso 
Sud. Questa nota applica gli stessi criteri e metodi agli affioramenti di un’altra arenaria (Pietra-
forte = Strong Stone)appartenente alla Formazione geologica del Super Gruppo della Calvana 
di età Cretaceo-Eocene. I risultati rivelano un andamento simile al precedente per gli affiora-
menti compresi tra Poppi (lat. 43°45’) e Radda (lat. 43°29’), mentre la parte più meridionale 
(da Radda a Santa Marinella, lat. 42°02’, Roma) mostra un iniziale processo di case hardening 
che indurisce la roccia per la presenza di idrossidi di Fe/Mn e di argilla neogenica e può essere 
attribuito all’azione della radiazione solare. Questa infatti facilita la disgregazione della roccia “ 
poli-mineralica” nelle zone settentrionali, mentre in quelle più meridionali tramite la disidrata-
zione e l’ossidazione degli idrossidi di Fe/Mn, la precipitazione dei carbonati e l’incorporazione 
di silice colloidale, si determina un sensibile indurimento, specialmente dei livelli più superficiali.
Parole chiave: Sclerometro-Insolazione-Case Hardening, Arenarie Mesozoiche.
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that of the Macigno, between latitu-
de N°44 and N°43 (Fig. 1). This rock 
is made up of a turbiditic sandstone 
belonging to the Super Gruppo del-
la Calvana (external Ligurides). Its 
mineralogical properties (Cipriani 
C., and Malesani, 1966; Bastogi 
and Fratini, 2004) are as follows: 
rock fragments for about 35-56% 
(dolomite, limestone, flint, argillite, 
siltstone, mica-schists, gneiss and 
quartzite), feldspar (<7%), of whi-
ch almost exclusively plagioclase, 
and a high ratio of polycrystalline 
quartz / total quartz 43-47%. An 
unique characteristic of this rock is 
the abundance of detrital dolomite 
(25-23%) and the frequency of in-
terstitial calcite responsible for ce-
menting the sandstone. Regarding 
the mechanical properties, the re-
markable compression strength is 
notable (140 MPa), as is the high 
specific weight (2.70), and finally, 
the low porosity (4-6%) (Malesani, 
Pecchioni, Cantisani, and Fratini, 
2003). The centuries-old quarries 
were largely used from the Middle 
Ages onwards for the construction 
of the main Florentine palazzos 
due to the resistance of this rock 
to degradation processes and its 
particular mechanical properties. 
Light gray in color and fine-grai-
ned, it appears to have a characte-
ristic reddish-yellow color due to 
the abundance of hydroxides and 
iron oxides. Outside Tuscany (Pre-
alpi Bergamasche), there is almost 
certainly a sandstone (Arenaria di 
Sarnico) with the same characteri-
stics that some studies (Cipriani N., 
Magaldi and Malesani, 1976) have 
identified as the northernmost 
Italian part of the ancient turbi-
dity, which originated in the Ligu-
rian-Piedmontese oceanic domain. 
It then overlapped the Tuscan Mio-
geosynclinal Sequences during the 
Alpine orogeny (Bastogi and Frati-
ni, 2004).

It is widely believed by all tho-
se who dealt with this rock, both 
technically and scientifically, that 
the name attributed to it since the 

Middle Age (“strong stone”) fully 
reflects its characteristics of resi-
stance to compression and durabi-
lity. These properties determined 
its intense cultivation and vast use 
in the construction of the most 
historic and majestic Florentine 
palazzos (Palazzo Vecchio, Palaz-
zo Strozzi, Palazzo Pitti, etc.) and 
finally, in the construction of for-
tresses and castles where the wide-
spread outcrops in central southern 
Tuscany were sufficiently exten-
sive: for example, Arcidosso and 
Montalcino. This research intends 
to evaluate the resistance values   
according to the Schmidt-Hammer 
methodology measured on fresh or 
slightly altered rocky outcrops, in 
relation to their geographical loca-
tion and the solar energy received, 
expressed by the value of the natu-
ral logarithm of radiation, measu-
red on the basis of the coordinates 
of the latitude and longitude.

2. Methods

The instrument used in the 
countryside on dry outcrops, from 
fresh to slightly altered, is the Sch-
midt Hammer Type L, known in 
Italy as a Sclerometer and sold by 
the Pasi company in Turin. The 
easy-to-use and reproducible in-
strument evaluates the rebound 
(SH) of a mass solicited by an in-
ternal spring according to a measu-
rement scale (from 10 to 70 units) 
proportional to the compression 
strength of the material exami-
ned in MPa. The measurements 
(Tab. 1) were conducted according 
to the following criteria: at least 20 
non-corresponding points, on the 
flat surface of the rock, perpendi-
cular to the tip of the measuring 
instrument; on-site measurement 
at altitude of the flat geographi-
cal coordinates, and finally, of the 
average annual value of solar radia-
tion on a normal surface, in MJ / 
m2 / y, according to the Atlas of 

Solar Radiation of ENEA, taken 
as a measure of the insolation to 
which the outcropping rocks are 
subjected. In order to take rainfall 
into account, an empirical relation-
ship has been established between 
the decimal value of latitude and 
the annual rainfall obtained from 
the twenty-year averages (1991-
2010) proposed by the Italian At-
las of Climate and Climate Change 
(CREA-CMA, 2016). However, the 
values obtained gradually decrease 
towards the south without parti-
cular variations and therefore have 
not been taken into consideration 
for the purposes of this research. 
Instead, the maximum annual 
temperature range was considered 
by evaluating this magnitude from 
the data of about fifteen inhabited 
centers present along a NW-SE 
belt, from Massa to Santa Mari-
nella (Rome) in relation to the LN 
of the Solar Radiation. The results 
are expressed in Fig. 1.

The selected outcrops for the 
survey (Fig. 2)appear relatively 
fresh for the most part, except for 
a typical yellow-brown color from 
Fe and Mn hydroxides and are 
mainly subject to sandy disinte-
gration (granular disintegration; 
Mustoe, 1982; Gomez-Heras., 
Smith and Fort., 2006; Labus 
and Bochen, 2012). Only in some 
cases has it been possible to ob-
serve that they give rise to some 
developed soils with a sandy-loam 
texture, perhaps Alfisols. The cli-
matic-morphological subdivision 
of the sampled area is as follows: 
northwestern mountainous area: 
MAT (mean annual temperature) = 
10-12°; climate according to Thor-
nthwaite: perhumid and humid; 
central mountainous and hilly 
area: MAT = 12-14° and subhumid 
climate; south-eastern hilly and co-
astal areas: MAT = 14-16° and su-
barid climate. The winds that blow 
in central southern Tuscany come 
mainly from the north, northeast 
and south quadrants; more rarely 
from the Atlantic depressions of a 
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maritime nature which manifest 
themselves as Mistral currents, 
coming from the northwest.

3. Results

The SH values in relation to the 
natural logarithm of the annual 
average solar radiation show sub-
stantially constant values or at 
most slightly decreasing (but not 
significant) in the central nor-
thern areas of Tuscany characteri-
zed by a humid climate but tend to 
increase and stabilize when pas-
sing to the more southern ones 
characterized by a dry sub-humid 
climate and progressively sub-a-
rid. This trend appears substan-
tially different from that found 
for the Macigno, which, on the 
other hand, shows lower values 
the closer the measurement sta-
tions are to the warmer and more 
arid climate zones of southern 
Tuscany where the rock alteration 
processes are more intense. The 
site of Santa Marinella (Rome), 
at about 100 m above sea level, 
represents the last outcrop of the 

Formation, which subsequently 
disappears, possibly beneath the 
Tyrrhenian Sea. The value of SH 
here is lower than that of Mancia-
no, potentially due to the action 
of past and current storm surges, 
which originate just over one kilo-
meter away.

The degree of alteration of the 
sandstone was subsequently eva-
luated, according to the methodo-
logy proposed by Mattews et al., 
2016, in the Riscaggio quarry to 
SE of Florence for measurements 
as it is representative of the most 
extensive and northernmost se-
quence of the Formation. Finally, 
in some cases, it was possible to 
assess the color of the rock in both 
relatively fresh and highly altered 
outcrops, using the color kit pre-
pared by the Geological Society of 
America in cooperation with Mun-
sell Color in 2009 for rocks. The 
sandstone of the Riscaggio quarry 
has an alteration degree equal to 
11% with a more frequent colora-
tion of the rock equal to 5 YR 6/4 
(Light Brown) due to iron hydroxi-
des, with circular and centimeter 
black streaks from hydroxides Fe / 
Mn. On the contrary, the color of 

the bedrock in the southernmost 
outcrop of Tuscany (Manciano) 
is N8 (Very Light Gray), while the 
altered sample (walls of Castello 
Aldobrandeschi, Manciano) has 
a color 10 R6 / 6 (Moderate Red-
dish Orange) with an alteration 
value equal to 26%. In the Lazio 
outcrop of Santa Marinella, which 
represents the southernmost part 
reached by the Formation, a fairly 
cool rock has a color 5 Y 7/2 (Yel-
lowish Gray). In Santa Marinella, 
it was not possible to sample the 
roof of the Formation, now com-
pletely removed with only collap-
sed blocks remaining, one of which 
had an altered level underneath a 
compact thin surface layer, with 
red streaks of Fe oxides crossed by 
irregular mottles and nodules of Fe 
/ Mn. On these stones, widely used 
for the construction of medieval 
structures, circular-shaped lichens 
are visible, at times with a random 
distribution, probably of the genus 
Sarcogyne (according to what was 
preliminarily communicated by 
S. Favero-Longo of Turin,), which 
seem to exert a mobilization action 
of iron from hydroxides (Favero 
Longo et al., 2000).

Tab. 1. Properties of the studied sixteen outcrops.
Caratteristiche dei sedici affioramenti studiati.

LOCATION Lat.-Long. STRIKE ELEVA. WEA.ST. SH ST.DEV. SOL.RAD
Masseto, Fiesole 43°52’-11°21’ NW-SE 560 m FR 50 4,8 7262
Riscaggio 43°43’-12°28’ NE-SW 100 m FR 50 2,9 7251
Sillano 43°35’-11°15’ N-S 500 m FR 47 4,62 7422
Gualdo 43°52’-11°14’ E-W 455 m SH 42 3,8 7304
Olmo 43°52’-11°20’ NW-SE 500 m FR 46 2,9 7268
San Gersolè – Mezzomonte 43°43’-11°15’ N-S 220 m FR 47 4,7 7384
SE di Greve in Chianti 43°35’-11°20’ N-S 340 m FR 47 1,9 7238
Fiesole, Camping 43°48’-11°18’ NW-SE 400 m FR 51 3,8 7321
Arcidosso Castello 42°52’-11°32’ N-S 700 m FR 47 4,1 7524 
Montalcino 43°03-11°29’ E-W 600 m FR 55 4 7615
M.Ripaldi 43°44’-11°15’ SW-NE 100 m FR 47 2,9 7376
Radda 43°29’-11°23’ N-S 456 m SH 40 2,1 7405
Poppi 43° 43’-11°46’ SE-NW 425 m FR 54 2,8 7189
Manciano Castello 42°35’-11°31’ NE-SW 425 m SH 46 5,3 7635
Manciano San Giovanni 42°35’-11°29’ NE-SW 260 m FR 49 4,5 7635
Santa Marinella 42°02’-11°51’ NO-SE 100 m SH 44 4,4 7758
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4. Discussion of results

It is clear that solar radiation 
affects the physical and chemical 
properties of this rock (Aldred et 
al., 2015) which is absolutely dif-
ferent from other Tuscan sandsto-
nes precisely due to its strength 
and durability. The rock, as pre-
viously mentioned, is characteri-
zed by a fine grain, low porosity 
and permeability, and by a che-
mical-mineralogical composition 
where quartz, calcite, dolomite 
and finally the oxides-hydroxi-
des of iron and manganese are 
frequent, the latter of secondary 

origin, which give the altered rock 
its characteristic reddish-brown 

color. By relating the values of 
SH with the LN of solar radiation 
expressed in MJ / m2, we obtain 
(Fig. 3) a distribution of points 
expressed by a 3rd order polyno-
mial curve (R2 = 0.3811), which 
suggests it consists of two parts: 
that of an initial decrease betwe-
en the values of LN 8.88 and 8.91 
(between Poppi and Radda), the 
subsequent one increasing and 
stable between the values of LN 
8.91 and 8.96 (between Radda 
and Santa Marinella).

Similar to what was found for 
Macigno (Magaldi, 2019), the 
decreasing part of the curve in-
dicates a reduction in resistance 
that seems to be attributable to 
the insolation weathering (Go-
mez-Heras, Smith and Fort R., 
2006; Aldred et al., 2015) in-

Fig. 2. Site Location in Tuscany and Latium, Central Italy.
Localizzazione degli affioramenti in Toscana e Lazio, Italia Centrale.
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Fig. 1. Maximum annual thermic excursion in °C degrees in relation to LN Solar Radiation 
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NEFI = Nord-Eastern of Firenze sites:  
Sillano; Gualdo; L’Olmo; San Gersole

FS = Fiesole-Camping; Masseto-Fiesole

MR = M. Ripaldi

RI = Riscaggio

PO = Poppi

GR = Greve

RA = Radda

MO = Montalcino

AR = Arcidosso

MC = Manciano Castle

MN= Manciano S. Agostino

SM = Santa Marinella (Roma)
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duced by the wide temperature 
range that causes, among other 
things, different expansions and 
contractions of the various mi-
nerals of different natures and 
colors. This stretch extends along 
an arc of about 140 km, oriented 
NW-SE. It is more difficult to in-
terpret the behavior of the other 
“piece” (about 70 km). It is known 
that the alteration processes of a 
sandstone can, in some cases, lead 
to an increase in the resistance 
of the surface part of the rock, 
known as “case hardening” (Gou-
die and Viles 1997; Goudie and 
Viles, 2003; McBride and Picard, 
2004; Mol, 2014; Mol and Viles, 
2012; Dorn et al., 2017). This pro-
cess precedes, especially in arid 
environments, the formation of 
honeycombs and subsequently of 
tafoni, as occurred in the Oligo-
cene sandstones (Macigno) along 
the Italian coast in the Province 
of Livorno (McBride and Picard, 
2004). Even if phenomena attri-
butable to these processes do not 
appear on the rock surface, either 
due to the limited extension of 
the outcrops, or to the absence or 
rare instances of the environmen-
tal conditions that give rise to 
these phenomena, it is likely that 
the increase in the rebound, with 
the exception of the site of Santa 

Marinella, is determined in our 
case by the surface cementation 
operated by the re-precipitation 
of carbonates, by the enrichment 
in silica, and probably in clays, de-
riving from the surface chemical 
alteration, but particularly from 
the dehydration and oxidation of 
iron and manganese hydroxides 
(McAlister, Smith and Curran J., 
2003), which give rise to the for-
mation of Fe / Mn oxides, respon-
sible for the typical ferruginous 
color of the most altered rock 
(McBride and Picard, 2004; Dorn 
et al., 2017). These are visible as 
irregular patches on the planar 
surfaces of the rock. It should also 
be noted that these measurement 
sites are characterized by a higher 
average annual temperature, the-
refore by a more effective evapo-
ration (Ben Neriah et al., 2014) 
as well as a greater sensitivity of 
the calcite cement to expansion 
and contraction. Possible films of 
oxides / hydroxides of Fe and Mn 
protect the underlying parts. This 
increasing rock hardening process 
can be interpreted as an initial 
example of epidiagenesis accor-
ding to Fairbridge, 1967. A simi-
lar phenomenon appears to have 
also occurred in the Stormberg 
Group Sandstone Formations 
of the Eastern Cape Province in 

South Africa (Chima et al., 2018). 
To verify this hypothesis, a study 
was performed on two surficial 
rock sections with the Zeiss Ge-
mini SEM 500 Scanning Electron 
Microscope of the Microscopy 
Center of the L’Aquila University. 
The results strengthen (Fig. 4A-D) 
the previous statements and also 
suggest the neo-formed clays oc-
currence together with a Fe amor-
phous oxide/hydroxides common 
distribution while the Mn mottles 
and nodules form a few mm crust 
at sample surface.

5. Conclusion

The analysis conducted on a 
series of outcrops located in a 
straight belt from north to south 
for about 200 km clearly indica-
tes the effect of insolation on the 
mechanical strength of the rocks 
examined. Similarly to what was 
found for the Macigno Forma-
tion, the mechanical resistance of 
the rock tends to decrease, albeit 
to a lesser degree compared to Ma-
cigno, towards the southwest due 
to sand disintegration processes, 
mainly, though not exclusively, 
due to contraction-dilation of mi-
neral crystals of different nature 
and color present in sandstones. 
However, this process is rever-
sed to the south, probably due to 
a greater hardening of the rock 
mainly in relation to the oxidation 
and de-hydration of the hydroxi-
des of iron and manganese in the 
surface levels, subjected to fairly 
incipient pedogenetic processes. 
Unfortunately, it was not possible 
to observe undisturbed outcrops 
of high altitude at these sites, but 
only accumulations of collapsed 
stones with dimensions of a few 
decimeters.

To conclude this survey, it’s cle-
ar that, apart from rare cases, the 
solar radiation tends to modify the 
strength of sandstone.
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1. Introduction

Among the natural hazards, 
transport infrastructures in 
mountainous areas are particu-
larly susceptible to rockfall, which 
can cause injuries or even death to 
roadway users, both drivers and 
pedestrians (Ferrari et al., 2017) In 
the perspective of hazard manage-
ment and risk mitigation plans, a 
quantification of the risk in terms 
of number of fatalities per year 
is often required by the Authori-
ties (Scavia et al., 2020). Among 
the quantitative approaches, the 
Event-Tree Analysis (ETA) is one of 
the most profitable (Peila & Guar-
dini, 2008; Macciotta et al., 2017).

Due to its adaptability to dif-
ferent situations, ETA has been 
tailored for different elements at 
risk, e.g. strategic high traffic ro-

ads (Ferlisi et al., 2012; Mignelli 
et al., 2012; Mineo et al., 2018), 
railway (Macciotta et al., 2016), 
or pedestrian mountain paths 
(Marchelli et al., under review). In 
this last work, the Authors propo-
sed an ETA-based approach for a 
quantitative evaluation of the risk 
suitable for both vehicular traffic 
and pedestrian path. The case of 
a low-traffic mountain farm road 
(FR), viable both for pedestrians 
(P) and persons in a vehicle (V), 
is here presented and discussed. 
Even in the same location, P and 
V differ for exposure, non-unitary 
in both cases, and vulnerability. 
The behaviours of pedestrians and 
drivers are influenced by their ve-
locity and by the path: pedestrians 
can stop for a rest and are more ca-
pable to react and avoid obstacles, 
while drivers do not suffer for the 
slope gradient and, thus, are less 

exposed due to their velocity, but 
they are more subjected to diffe-
rent collateral hazardous situa-
tions induced by rockfall.

In addition, a comparison 
between the risk on mountain pe-
destrian roads (PR) and on farm 
roads is here proposed and discus-
sed. The required input of rockfall 
occurrence probability (De Biagi 
et al., 2016) can be derived from 
recorded past events and adapted 
to both road typologies. In this 
perspective, two event tree analy-
ses specifically designed for P and 
V in case of PR and FR are herein 
introduced and compared through 
an example of application.

2. Method

The ETA is a logical procedure 
in which both success and failure 
responses are evaluated, starting 
from the occurrence of a single 
initiating event and defining all 
the possible alternative pathway 
options which can arise. The pa-
thways are mapped as branches 
linked through nodes, which serve 
as transition from one position to 
another along the event tree, de-
fining binary mutually exhaustive 
scenarios. The end points identify 
a unique outcome, whose proba-
bility is given by the product of 
the conditional probability along 
their own pathway, while the pro-
bability of more outcomes is given 
by the sum of the probabilities of 
each outcome.

Referring to rockfall events, the 
present work considers the block 
reaching the road as the initiating 

Rockfall is one of the most hazardous and dangerous landslide phenomena, which can signi-
ficantly affect mountain roads. To the knowledge of the Author, limited studies focus on the 
quantitative risk assessment to pedestrians (hikers) and vehicles along mountain little traffic 
roads. A method tailored to these elements at risk is herein presented and applied to a real 
case. The calculation method is based on the Event-Tree Analysis, through which all the scena-
rios which can lead to a fatality or injuries are investigated. An application on a study case in 
the Italian Alps illustrates the potentialities of the methodology.
Keywords: event tree, quantitative risk assessment, rockfall, hikers, mountain road, vehicles.

Analisi di rischio con il metodo dell’albero degli eventi per strade montane sog-
gette al pericolo di caduta massi. Tra i fenomeni franosi la caduta massi risulta essere 
uno dei più pericolosi e dannosi. Questo fenomeno può interessare in modo significativo le 
strade di montagna. Per quanto a conoscenza dell’Autore, un esiguo numero di studi si sono 
concentrati sulla valutazione quantitativa del rischio per escursionisti e veicoli lungo le strade 
di montagna a bassa intensità di traffico. Un metodo appositamente costruito per questi 
elementi a rischio è proposto e applicato ad un caso reale. Il metodo di calcolo si basa sulla 
tecnica dell’albero degli eventi (ETA), attraverso la quale vengono analizzati tutti gli scenari che 
possono portare a un incidente mortale o a lesioni. Un’applicazione su un caso studio nelle 
Alpi italiane illustra le potenzialità della metodologia.
Parole chiave: albero degli eventi, valutazione quantitativa del rischio, caduta massi, escursio-
nisti, strada di montagna, veicoli.
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event, evaluating all the possible 
scenarios leading to a fatal acci-
dent as outcome. Two elements at 
risk have been considered: P and 
V, and two different type of moun-
tain roads: a FR, viable for both the 
elements at risk, and a PR. Figure 
1 shows the proposed event trees 
for both the elements at risk.

It is worth considering that du-
ring the year a number NR of blocks 
can reach the road, resulting in NR 
occurrence of the initiating event. 
The precise defining of this num-
ber starts evaluating the annual 
frequency of a rockfall event, i.e. 
the detachment of a block, repre-
sented by the average number of 

events per year ND. This last can 
be assumed equal to the annual 
rockfall occurrence probability PR 
in case of a small number of even-
ts. The probability that a block re-
aches a specific element at risk is 
P(T:R) and the product NDP(T:R) ap-
proximates the annual frequency 
of blocks on the road NR. In addi-
tion, considering that the road can 
be reached by the detached blocks 
with different probabilities along 
its path, NR can be considered as:

 
N P NR

k
T R k k D�� ( : ) ,  (1)

in the hypothesis of subdividing 
the road in sections of length ℓ, 

homogeneous both for P(T:R) and 
for traffic condition.

Generally speaking, the deter-
mination of these probabilities 
requires the accurate knowledge 
of the condition of the rock mass 
(Marchelli et al., 2019), a propa-
gation analysis as realistic and 
precise as possible, as well as the 
estimation of the traffic condition 
(Mavrouli et al., 2015; Marchelli & 
De Biagi, 2019). Due to the com-
plexity and the uncertainties rela-
ted to these data, the definition of 
the occurrence probability is often 
based on statistics of past events. 
In general, the available and recor-
ded data refer to events which had 

Fig. 1. Proposed ETA method for people in a vehicle on a farm road (above) and pedestrians on a farm road or on a pedestrian path 
(below). The large rectangles highlight the ETA structure considering the block reaching the FR or the PR as the initiating event.
Metodo ETA proposto per persone in un veicolo lungo strade poderali (sopra) e pedoni su una strada poderale o su un sentiero (sotto). I grandi 
rettangoli evidenziano la struttura dell’ETA considerando come evento iniziatore il blocco che raggiunge la FR (strada poderale) o la PR (sentiero).
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reached a road (as a relevant su-
sceptible element), i.e. NR, notwi-
thstanding the number of diffe-
rent possible rockfall prone zones 
insisting on it, the precise arrival 
location, and often neglecting 
blocks overpassing the road. In the 
hypotheses of performing a propa-
gation analysis and of knowing the 
number of events along the who-
le road, for each k-th road portion 
ℓk the frequency of arrival Nk

R can 
thus be computed as:

N
P

P
NR

k T R k k

k T R k k
R�

�
( : )

( : )
.



  
(2)

Starting from a block reaching 
the road (FR or PR), two scena-
rios can develop: the blocks can 
hit the element at risk (P or V) or 
not. The vulnerability, fundamen-
tal in evaluating the outcomes, 
function of the type of motion 
and of the characteristics of the 
elements at risk, differs in case of 
P or V. The method assumes that 
any block of any size or velocity 
hitting a P causes a fatality while, 
in case of V, it can cause fatality 
or injury. It means that the vulne-
rability of P is assumed unitary, 
while, in case of V, it is function 
of the speed of the vehicle as well 
as the ratio between the decision 
and the stopping sight distances, 
as proposed in (Mignelli et al., 
2012).The temporal-spatial pro-
bability of the element at risk, i.e. 
the spatial-temporal correspon-
dence between the blocks and the 
element at risk (P S T i

j
( : ), ), is function 

of the jth traffic condition on the 
road in this specific time and it 
can be computed as the tempo-
ral-spatial probability for a single 
element multiplied for the total 
number of element in this traffic 
condition during the year. Consi-
dering a unique traffic condition, 
according to (Mignelli et al., 2012; 
Marchelli et al., under review), 
P(S:T) can be computed as:
P P P n nS T i T P i S P i v

h
h( : ), ( : ) , ( : ) , ,� � � �1 1

 
(3)

where P(T:P)i,1 and P(S:P)i,1 are the 
temporal and spatial probabilities 
that one element at risk is hit by 
the block, respectively, nv

h
 is the 

hourly traffic, and nh the annual 
number of hours for which this 
traffic condition is valid.

Moreover, blocks not hitting 
the road can rebound (subscript d 
in Eq. (4) and in Figure 1 for V) on 
the path, even damaging the road 
surface, or can stop on the path 
(subscript s in Eq. (4) and in Figure 
1 for V). For V, both the rebound or 
the stop of a block can cause fata-
lity or injury, while for P, this does 
not lead to an accident. This last 
assumption is justified recogni-
zing that, due to the low walking 
speed of a pedestrian, the stop-
ping sight distance is adequate to 
the correspondent decision sight 
distance, i.e. the distance at which 
the hikers can recognize a hazard 
and perform the required action to 
take cover or dodge the block. The 
probability of stop (Pf) or rebound 
(1 – Pf) can be computed through 
trajectory analyses, while the pro-
babilities of accident are computed 
on the bases of statistics. Refer to 
Bunce, 1997; Mignelli et al., 2012, 
and Marchelli et al., under review, 
for the formulations.

Considering the pedestrian path 
only, hiking trails are generally not 
flat and sometimes pedestrians 
take a rest for few minutes. For 
this, the proposed method diffe-
rentiates between “moving” and 
“stopping” periods for each pede-
strian along the path, considering 
also that a pedestrian does not 
hike on a mountain path only for 
reaching a specific destination but 
also for enjoying the view. As a con-
sequence, considering Eq. (3), the 
spatial temporal probability of ac-
cident can be divided in stopping 
(subscript s in Eq. (5) and in Figure 
1 for P) and moving (subscript m in 
Eq. (5) and in Figure 1 for P) terms. 
As hikers are not always aware of 
the hazard, a randomly choice for 

rest places can be considered.
For all the above considera-

tions, it is suggested to perform 
this ETA for road sections, homo-
geneous for both reaching proba-
bility and traffic condition. Consi-
dering the properties of the ETA, 
for each certain event, and for 
each homogeneous k-th portion of 
road, adopting the nomenclature 
expressed in Figure 1, the proba-
bility to have a fatal outcome PIMk 
is given by:

PIM PIM PIM PIMk
i
k

s
k

d
k� � �  

(4)

and

PIM PIM PIMk
i m
k

i s
k� �, ,   (5)

for FR and PR, respectively. Each 
term in the right parts of the equa-
lities of Eqs. (4) and (5) can be 
obtained multiplying all the pro-
bability of its branches, separately 
for each single pathway leading to 
fatality. The annual probability of 
fatalities for the considered road is 
given summing the obtained value 
for each section. In case of a FR, 
the total risk is given summing up 
the one of P and the one of V, mea-
ning that the interaction between 
a pedestrian and a vehicle has not 
been considered in the present 
work. This is justified by the gene-
rally small velocity allowed in this 
type of road.

3. Result and discussion

The proposed method was ap-
plied considering both a PR and a 
FR in the North-Western Italian 
Alps. Figure 2 depicts a situation 
in which a rockfall prone area com-
posed of multiple source zones in-
sists on both a PR and a FR, both 
ending at a mountain hut. The PR 
(832 m of length), is located at a 
mean altitude of 1870 m s.l.m., 
while the FR (1243 m of length), 
is below the pedestrian road with 
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an altitude ranging from 1800 
to 1860 m s.l.m. The trajectory 
analysis (see Figure 2 and Table 1 
and Table 2) highlighted that PR 
and FR are affected in different 
way. Different homogeneous por-
tions were identified on the base 
of the reach probability (A-O for 
the PR and A-T for the FR in Fi-
gure 2).

The land register reports 3 
rockfall events in the last 15 years 
on the FR, without any precise lo-
cation and a conservative estima-
tion of ND,FR is 0.2. For the PR, in 
absence of further information, the 
number of event ND,PR was assu-
med proportional to ND,FR, accor-

ding to:
 
N N

P

PD PR D FR
PR mean

FR mean
, ,

( : ) ,

( : ) ,
= T R

T R , 
where P(T:R)PR,mean and P(T:R)FR,mean 
are the average values of the block 
reaching probabilities considering 
all the portions composing the two 
roads.

Considering the exposure to 
snow and freezeing, these roads 
are unviable during the winter pe-
riod, i.e. from December to April. 
Even though the pedestrian tran-
sit is not forbidden (while it is for 
vehicles), a traffic of 1 hiker/h was 
estimated during the daily hours, 
only. The same pedestrian traffic 
conditions were assumed for both 
the PR and the FR. Considering 
the vehicle traffic, a total of 2196 
hours/year of use have been com-
puted, and, on the basis of statisti-
cs of frequentation of the moun-
tain hut, the mean annual number 
of transits was evaluated equal to 
0.35 vehicles/hour from 16 April 
to 15 October.

According to the traffic limits of 
this road, the velocity of the vehi-
cles was set at its maximum value 
of 10 km/h. Consequently, due to 
this low value, the probabilities 
that a vehicle hits a block stopped 
on the road and that it does not 
skid a damaged surface were assu-
med equal to 0.

Referring to the pedestrian, its 

Fig. 2. FR (below) and PR (above) in the North-western Alps: aerial view of the affected 
area (Geoportale VDA), with the results of the propagation analysis and subdivision in 
homogeneous sections along the roads.
FR (sotto) e PR (sopra) nelle Alpi nord-occidentali: vista aerea dell’area interessata (Geoportale 
VDA), con i risultati dell’analisi di propagazione e suddivisione in sezioni omogenee lungo le 
strade

Tab. 1. Reach probability and annual probability of fatalities for each portion of road, for the 
FR for both pedestrians and vehicles. 
Probabilità di accadimento spaziale e probabilità annua di fatalità per ciascuna porzione di 
strada, per la FR (strada poderale) per pedoni e veicoli.

FR 
Portion

Length 
(m)

Reach 
Probability

Annual probability of fatalities 
on the portion for P

Annual probability of fatalities 
on the portion for V

A 67 1% 2,365E-08 2,534E-06

B 68 1% 2,400E-08 2,54E-06

C 59 5% 1,041E-07 1,243E-05

D 59 5% 1,041E-07 1,243E-05

E 76 3% 8,049E-08 7,762E-06

F 87 5% 1,536E-07 1,326E-05

G 69 5% 1,218E-07 1,273E-05

H 98 3% 1,038E-07 8,156E-06

I 86 5% 1,518E-07 1,324E-05

L 50 15% 2,648E-07 3,648E-05

M 54 1% 1,906E-08 2,456E-06

N 51 15% 2,701E-07 3,657E-05

O 53 15% 2,806E-07 3,675E-05

P 77 15% 4,077E-07 3,89E-05

Q 82 8% 2,849E-05 2,099E-05

R 85 3% 2,130E-05 7,923E-06

S 59 1% 1,064E-05 2,486E-06

T 63 5% 7,095E-05 1,255E-05

PIM 1243 0,0001335 0,0002802
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velocity Vp, according to Márquez-
Pérez et al. (2017), was estimated 
as:

 Vp = 4.8e–5.3|0.7s + 0.03| (6)

where s is the mean slope of the 
portion. The considered a stopping 
time was equal to 0.08 hours, i.e. 
5 minutes (Ansari et al., 2013), 
mediating between a non-stop-
ping person, and short or medium 
stopping.

Following the procedure expo-
sed in the methodology section, 
summing up for each traffic con-
dition and homogeneous sections 
(see Table 1 and Table 2), the an-
nual probabilities of fatality for the 
FR were 2.80 · 10–4 in case of P and 
1.33 · 10–4 in case of V (4.13 · 10–4 
in total), while for the PR it was 
equal to 3.57 · 10–4. Unexpecte-
dly, it reveals that the risk in FR 
is higher than in PR, even thou-
gh the computed ND,FR was lower 
than ND,PR. This is obviously due to 
the consideration of two types of 
element at risk in the same road. 

Moreover, in this specific case, in 
which only daily traffic with low 
velocity is allowed, the mutual in-
terference of pedestrian and vehi-
cle was neglected. If this assump-
tion is relaxed the risk unavoidably 
increases.

4. Conclusions

The quantitative risk asses-
sment due to rockfall events on 
mountain roads, both PR and FR, 
is a crucial issue for Authorities, 
due to the increasingly touristic 
traffic, especially during Summer. 
A novel method, based on ETA, 
tailored for pedestrians or per-
sons in a vehicle was introduced 
and applied to a real case. Starting 
from the recognition of rockfall 
prone source area, the annual fre-
quency of rockfall is computed on 
the basis of recorded past events 
on FR and then adapted for PR. 
The performed reaching probabili-

ty analyses, as well as the study of 
the traffic conditions, allow iden-
tifying different homogeneous 
path portions on which perfor-
ming the risk analyses. The con-
sideration of different exposures 
and vulnerabilities for P and V was 
implemented in the method. The 
application on a real study case 
highlights the difference between 
two types of elements at risk and 
between two types of mountain 
roads. Further development can 
relate with the possibility of consi-
dering the mutual interference of 
pedestrian and vehicle on a farm 
road.
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1. Introduction

The main reason why hydrogen 
is becoming increasingly impor-
tant in different energy sectors 
is energy storage. Energy storage 
involves converting energy from 
forms that are difficult to store to 
more conveniently or economically 
storable forms. Hydrogen does not 
exist in nature by itself, but it can 
be produced using different con-
version processes: some of these 
methods involve fossil fuels, such 
as steam reforming of natural gas, 
partial oxidation of hydrocarbons 
and coal gasification (HPFS, 2016); 
others, such as electrolysis, use an 
electric current to split water into 
hydrogen and oxygen. Then, it ne-
eds to be stored for subsequent use 
as a fuel (pure or mixed with natu-
ral gas), to generate power throu-
gh chemical reactions (Albrecth 
et al., 2015) or to generate green 
methane if combined with carbon 
dioxide, as envisioned in the Final 
report of the High-Level Panel of 
the European Decarbonisation Pa-
thways Initiative, European Com-
mission (2018).

Traditionally, hydrogen is stored 
at very low temperatures inside 
metal containers positioned abo-
ve ground, but only underground 
geological formations can provide 
large storage capacity. The tech-
nology and techniques are similar 
to those used for underground 
natural gas storage, which can be 
stored in a variety of rock types 
and geological conditions: deple-
ted gas fields, aquifers or salt ca-
verns. Storage in salt caverns, that 

In the last years, energy transition from fossil fuels to renewable resources has been largely 
acknowledged as a necessity to reduce emissions of greenhouse gases in the atmosphere. 
Hydrogen, the simplest element on Earth, can play an important role in this transition. It is not 
as an energy source but rather as an energy carrier : in layman’s terms, electricity is converted 
in chemical energy, which can then be converted again in electricity or in green methane, if 
combined with carbon dioxide. Because hydrogen can be obtained from the excess of electri-
city produced from power plants or from renewable energy sources, such as solar panels or 
wind mills, it is a clean and sustainable form of energy, to be stored and used when needed. 
As a consequence, a key issue is hydrogen storage. Large metallic containers are typically used 
to this end but their capacity is limited. Given the increasing hydrogen production and per-
spective large use, the only viable alternative is underground storage in geological formations, 
which can be depleted hydrocarbon reservoirs, deep saline aquifers, or cavities in salt domes. 
Underground hydrogen storage (UHS) is already in use in various countries and mostly in salt 
caverns artificially made by circulation of fresh water. In the Italian territory there are several 
areas where saline deposits are both observable as outcrops or detected deep in the subsoil. 
Their thickness and their geological, petrophysical and mechanical characteristics vary from 
one area to another depending on the depositional conditions, which favored the formation 
of different sedimentary facies. These characteristics have a strong impact on the decision 
to convert a saline dome into a hydrogen storage and, therefore, they should be thoroughly 
investigated. The aim of this work is to map the salt formations mapped on the Italian territory 
and to preliminarily assess their potential on the basis of the geological characteristics for a 
possible future use as underground hydrogen storages.
Keywords: energy transition, underground storage, hydrogen, saline formations, Italy.

Indagine preliminare sul potenziale geologico per lo stoccaggio sotterraneo di 
idrogeno (UHS) in formazioni saline in Italia. Negli ultimi anni la transizione ener-
getica dai combustibili fossili alle risorse rinnovabili è stata ampiamente riconosciuta come 
una necessità per ridurre le emissioni di gas serra nell’atmosfera. L’idrogeno, l’elemento più 
semplice sulla Terra, può svolgere un ruolo importante in questa transizione. Non è una fonte 
di energia, ma piuttosto un vettore energetico: in estrema sintesi, l’elettricità viene convertita 
in energia chimica, che può essere poi convertita nuovamente in elettricità o, se combinato 
con anidride carbonica, in metano verde. Poiché l’idrogeno può essere ottenuto dall’eccesso di 
elettricità prodotta da centrali elettriche o da fonti di energia rinnovabile, come quella solari o 
eolica, è una forma di energia pulita e sostenibile, da immagazzinare e utilizzare quando ne-
cessario. Di conseguenza, un problema particolarmente rilevante è lo stoccaggio. A tal fine ven-
gono generalmente utilizzati grandi contenitori metallici, ma la loro capacità è limitata. Data la 
crescente produzione di idrogeno e la prospettiva di un suo utilizzo ampio, l’unica alternativa 
praticabile è lo stoccaggio sotterraneo in formazioni geologiche, che possono essere giacimenti 
di idrocarburi esauriti, acquiferi salini profondi o cavità in duomi saline. Lo stoccaggio sotter-
raneo dell’idrogeno (UHS) è già in uso in diversi paesi e per lo più in caverne saline prodotte 
artificialmente mediante la circolazione di acqua dolce. In diverse aree del territorio italiano 
sono presenti depositi salini, sia in affioramento sia in profondità nel sottosuolo. Il loro spessore 
e le loro caratteristiche geologiche, petrofisiche e meccaniche variano da un’area all’altra in 
base all’ambiente deposizionale che ha favorito la formazione di diverse facies sedimentarie 
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are artificially made cavities inside 
rock salt formations, is a valid op-
tion for hydrogen storage due to 
the exploitation of the mechanical 
behavior of the rock, the possibili-
ty to achieve high storage pressu-
res, the low cost of construction 
and the low footprint for surface 
installations (Kruck et al., 2013).

2. Underground hydrogen 
storage (UHS)

Foh et al. (1979) confirmed the 
feasibility of underground hydro-
gen storage with the conclusion 
that “… current underground gas 
storage practice can be used to 
economically and safely store hy-

drogen in widely available reservo-
irs”. However, in the same report 
the authors stated that, although 
the research results were positi-
ve, many technical and economic 
issues were still to be addressed 
and also the economic part was 
the most challenging issue. Safe 
and economic storage of natural 
gas in underground geological for-
mations started at the beginning 
of the 20th century, and most of 
the nearly 700 facilities currently 
operated worldwide are depleted 
gas reservoirs and natural aquifer 
formations (Verga, 2018). Storage 
in artificial caverns in salt forma-
tions is also a possibility (Crotogi-
no et al., 2010). The physical cha-
racteristics of salt offer protection 
against appearance and spreading 

of fractures and, according to Ki-
reeva and Berestovskaya, (2012), 
also against bacteria.

The construction of a cavern in-
volves drilling of a well inside the 
rock salt to inject water and produ-
ce brine. During water circulation, 
the salt is dissolved and the cavity 
is progressively enlarged until the 
cavern takes its final form. Exam-
ples of salt caverns for hydrogen 
and gas storage around the world 
are presented in fig. 1.

Currently, hydrogen storage 
in salt caverns is used in various 
countries around the world (Uni-
ted States, UK, and Germany). In 
the United States hydrogen is sto-
red in the Clemmons salt dome 
since the 1980’s. The cavern has 
a diameter of 49 m and a height 
of 300 m with a usable hydrogen 
capacity of 30 million m3. In Kiel, 
Germany, hydrogen is stored in 
a salt cavern having a capacity 
of 32000 m3 since 1971. In En-
gland hydrogen is stored in three 
salt caverns almost 400 m deep, 

Tali caratteristiche hanno un forte impatto sulla decisione di convertire un duomo salino in uno 
stoccaggio di idrogeno e, pertanto, dovrebbero essere analizzate accuratamente. Lo scopo del 
presente lavoro è quello di identificare le formazioni saline presenti sul territorio italiano e di 
valutarne preliminarmente il potenziale per un eventuale utilizzo futuro come stoccaggi sotter-
ranei di idrogeno sulla base delle loro caratteristiche geologiche di base.
Parole chiave: transizione energetica, stoccaggio sotterraneo, idrogeno, formazioni saline, Italia.

Fig. 1. Shape and depth of salt caverns around the world used for hydrogen or gas storage (from Wang et al., 2014).
Forma e profondità delle caverne di sale in tutto il mondo utilizzate per lo stoccaggio dell’idrogeno o del gas.
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for a total volume of 210000 m3 
(Landigher and Crotogino, 2007). 
Various studies were made in Eu-
rope to investigate the potential 
for hydrogen storage in under-
ground formations. In Poland, for 
example, such work was done by 
Tarkowski (2017) and Tarkowski 
and Czapowski (2018) who analy-
zed both depleted reservoirs and 
salt formations. In the HyUnder 
European project (2014), a study 
which took 5 European countries 
into consideration, it is envisio-
ned that the storage facilities ne-
eded by 2050 could be distributed 
as follows: 74 in Germany, 43 in 
the Netherlands, 24 in Spain, 21 
in the UK and 1 in Romania. Very 
recently, Caglayan et al. (2020) 
identified salt structures suitable 
for hydrogen underground stora-
ge in various countries of Europe.

3. Rock salt deposits in 
Italy

3.1. Introduction

In the Italian territory salt de-
posits are linked to the Messinian 
Salinity Crisis (hereafter MSC) that 
started almost 5.97 Ma ago and 
ended abruptly at 5.33 Ma (Man-
zi et al., 2013; Roveri et al., 2019). 
During this period accumulations 
of huge volumes of evaporites 
(sulfates, halite and K‐Mg salts) 
occurred in both shallow and deep 
sub‐basins of the Mediterranean 
area. Evaporitic deposits are found 
in various parts of the peninsu-
la (Fig. 2). Speranza et al. (2013) 
presented an investigation on the 
paleoenvironmental conditions 
during Messinian halite deposi-
tion from various Italian sites, in-
cluding salt cores (Volterra Basin, 
northern Italy), a salt diapir (Cro-
tone Basin, southern Italy) and salt 
mines (Caltanissetta Basin, Sicily). 
Their work identifies the main ha-
lite deposition areas in Italy.

3.2. Sicily – Caltanissetta 
basin

Halite deposits are located in 
the Caltanissetta basin which is a 
NE-SW elongated depression loca-
ted in south-western Sicily (Fig. 3). 
The area consists of a complex 
system of synclines/sub-basins 
which provided accommodation 
space for evaporite sedimentation 
during the MSC.

The sedimentary fill of the who-
le basin includes Tortonian suba-
erial clastic rocks, shallow marine 
sands and evaporite deposits rela-

ted to the MSC (Gessoso Solfifera 
Fm.), which mainly consist of Gyp-
sum and salt deposits which differ 
in terms of facies and depositional 
setting (Roveri et al., 2008; Roveri 
et al., 2014).

Halite deposits occur as several 
independent bodies aligned NE-
SW, some of which contain K-Mg 
salt deposits. These bodies have 
been affected by intense compres-
sive tectonic with diapiric folds, 
reaching an average thickness of 
500 m (Reghizzi, 2017).

Salt deposits shows small-scale 
lithological cyclicity expressing the 

Fig. 2. Distribution of Messinian deposits within the Apennine-Maghrebian foredeep and 
surrounding areas with indication of the 1) Caltanissetta basin in Sicily, 2) Crotone basin in 
Calabria and 3) Volterra basin in Tuscany (Modified from Bertini, 2006).
Distribuzione dei depositi messiniani nell’avamfossa Appennino-Magrebina e nelle zone limitrofe 
con indicazioni del 1) bacino di Caltanissetta in Sicilia, 2) bacino di Crotone in Calabria e 3) 
bacino di Volterra in Toscana.
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multi-scale temporal manifesta-
tion of depositional mechanisms 
influenced by climatic variations. 
These deposits are represented by 
laminae consisting of thin (centi-
meter) to very thin (millimeter) 
clay-bearing veins and pure halite 
alternations. Analysis on halite 
samples from salt mine (e.g. Real-
monte mine) demonstrate that the 
halite deposits have low porosity 
(2.5-8.5%) and negligible permea-
bility, due to the weak presence of 
pores and the total lack of inter-
connection among them, and den-
sities ranging from 2.14 to 2.23 g/
cm3 (Samperi et al., 2020).

3.3. Calabria – Crotone basin

The Crotone Basin, where halite 
deposits can be found, is a forearc 
basin in central Calabria. Three 
sedimentary cycles characterize 
the sedimentary succession of the 

basin. They mostly include conglo-
merates, sandstones and claystone 

deposits, as well as an interval be-
longing to a Messinian evaporitic 
deposition that includes gypsum 
and halite. Zecchin et al. (2020) 
describe the Evaporite Formation 
being up to approximately 100 m 
thick along the western and nor-
thern margins of the Crotone area. 
The halite deposit has variable 
thickness and can be identified 
through surface outcrops in the 
northern part of the basin, where 
diapiric structures cut through the 
uppermost Messinian and Lower 
Pliocene claystone deposits (Spe-
ranza et al., 2013). Seismic and 
well data from salt mining are-
as show that halite is interposed 
between organic-rich material at 
the base and arenites, gypsarena-
ties and pelites on the top (Lugli 
et al., 2007). According to well log 
analysis and well correlation halite 
deposits are found at the top of the 
Messinian succession at various 
wells in the area. The well Timpa 
del Salto 2 and well Vitrano 1 whe-
re the halite deposits are found at 
almost 500 m and 700 m of depth, 
respectively, are shown in fig. 4.

Lugli et al. (2007) performed a 

Fig. 3. (A) Schematic geological map of Sicily with the distribution of the Lower Evaporites 
within the Caltanissetta basin; (B) schematic geological cross-section of Sicily (from Manzi 
et al., 2012).
(A) Carta geologica schematica della Sicilia con la distribuzione delle Evaporiti inferiori all’interno 
del bacino di Caltanissetta; (B) Sezione geologica schematica della Sicilia (da Manzi et al., 2012).

Fig. 4. Simplified stratigraphy of the 
Timpa del Salto 2 and Vitravo 1 wells 
(modified from Mangano et al., 2020).
Stratigrafia semplificata dei pozzi Tim-
pa del Salto 2 e Vitravo 1 (modificato 
da Mangano et al., 2020).
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detailed analysis on halite deposits 
in the Crotone area. They observed 
that halite is strongly modified by 
folding and recrystallization and 
were able to identify four basic fa-
cies: banded halite, massive halite, 
clear facies and breccia facies.

3.4. Tuscany – Volterra basin

The Messinian evaporites of 
central Tuscany were deposited 
in NW–SE elongated extensional 
basins, opened along with the 
Tyrrhenian Basin, beginning in 
the late Tortonian on the back of 
the eastward migrating Apenni-
ne thrust-belt (Testa and Lugli, 
2000). The Volterra basin is filled 
with a thick sedimentary succes-
sion that includes a Messinian 
evaporites consisting of gypsum, 
clastic deposits and halite. The salt 
deposits present intercalations 
with clay, silt and anhydrite for a 
total thickness of almost 200 m. 
Halite represents roughly 40% of 
total volume of the series and can 
be described by bending and small 
diapiric movements. Drilling per-
formed in the area brought to light 
cores of halite as the one shown in 
fig. 5.

Speranza et al. (2016) perfor-
med a series of laboratory analy-
ses on salt samples from various 

locations of Italy, among which the 
Volterra basin, to study their cry-
stals characteristics, petrophysical 
parameters and elastic properties. 
They were able to identify diffe-
rent behaviors of the halite facies 
depending on their physical cha-
racteristics: this information can 
be very useful for a preliminary 
feasibility study to convert an un-
derground formation into a hydro-
gen storage facility.

4. Conclusions

Energy transition is a topic that 
attracts an increasing scientific at-
tention and discussions (e.g. Bene-
tatos et al., 2019) since countries 
worldwide are gradually moving 
from fossil fuels to sustainable 
and cleaner energy sources. In the 
years to come, hydrogen has the 
potential to play a significant role 
in energy transition. Its storage is 
thus of fundamental importan-
ce for a large-scale use. So far the 
only possibility for storing hydro-
gen in large quantities is to use 
subsurface geological formations 
and in particular salt rocks. Salt 
rocks have physical and mechani-
cal properties suited for reaching 
high pressures during storage, 
do not allow chemical reactions 
between hydrogen and the rock 
and at the same time offer the 
possibility of expanding a storage 
facilities by creating clusters of un-
derground caverns. In the Italian 
territory saline deposits exist in 
the Volterra basin, Tuscany, in the 
Caltanissetta basin, Sicily, and in 
the Crotone basin, Calabria; they 
were identified both from well logs 
and from outcrops. These deposits 
are related to the Messinian sedi-
mentary successions and include 
halite intercalated usually with 
gypsum, sandstone, conglomera-
tes and claystone. The thickness 
of the halite deposits as well as 
the petrophysical and mechanical 

characteristics of the rocks vary 
from place to place depending on 
the geological conditions occur-
ring during their deposition. On 
the one hand the presence of these 
type of deposits can support the 
prospect of creating artificial ca-
verns for underground hydrogen 
storage, on the other hand the 
suitability of each deposit should 
be thoroughly verified through a 
detailed analysis of its properties 
against the technical requiremen-
ts for the cavern construction and 
management.
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