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Abstract

Natural hazards can have damaging consequences for human activities, causing death or economic
losses. This PhD thesis concentrates on the risk of natural hazard, where risk is defined as the
combination of the likelihood of a damaging event and its negative consequences. The types of
hazards considered in this work are mostly geological hazards such as landslides and sinkholes,

but hail is also investigated.

The first part of this work focuses on the local scale, where local stands for a small group of
objects, typically a few houses or a road. First, in order to improve the characterisation of the
hazard, the potential of the photogrammetric method, which consists in retrieving the 3D position
of objects from a set of 2D pictures, is tested. Together with this promising method, Unmanned
Aerial System (UAS) are presented, since they permit to carry a camera and thus to take pictures
for a photogrammetric analysis. Then, a tool to calculate the risk at local scale is presented. This
tool is designed in Microsoft Excel an aims at calculating rapidly the risk using hazard maps
produced according to the Swiss guidelines. A particular aspect of this model is presented in the
next chapter ; it reviews the methods used to calculate the conditional probability for a falling
object, such as a rock block, to impact a moving vehicle, taking into account the dimensions
of the block and of the vehicles. Then, prospective aspects of such a risk model are presented
and deal with the addition of multiple risk scenarios and the inclusion of uncertainty in the risk
analysis using a Monte-Carlo approach. To conclude this part, a method which aims at taking
the protection measures into account in the hazard maps without losing the initial hazard level is

presented.

The second part of this work presents risk analyses at regional scale, where the region varies
from the size of a canton to the size of a (small) country. The first study concerns the risk
induced by evaporite sinkholes on a building portfolio. An inventory of damaged buildings is built
from different sources and projections are made to estimate the losses that the public building
insurance company could face if this type of hazard was insured. Then, a stochastic model which
aims at modelling shallow landslides with regard to a precipitation event, and at calculating the

probability of impact with buildings is presented. It shows that the location of the landslides
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which occurred during the precipitation event considered in this study is positively correlated
with the building location, suggesting a human influence in the landslides. To conclude this part,
an analysis based on a hail event is presented and aims at relating the radar-derived maximum
hailstone size reached during an event with the losses, at calculating the mean annual risk using
this relation and at modelling random event to refine the risk analysis.

Although the basic principles of risk analysis are relatively simple, this work highlights the
diversity of the risk analyses procedure and the need to adjust the procedure to the research
question. In addition, it highlights the need for good inventories of events and consequences,

since these inventories are crucial to perform a good risk analysis.



Résumé

Les dangers naturels peuvent avoir des conséquences dommageables pour les activités humaines
en causant des pertes humaines ou financieres. Cette these de doctorat se concentre sur le risque
lié aux dangers naturels, le risque étant défini comme étant la combinaison entre la plausibilité
d’un événement et ses conséquences négatives. Les types de dangers considérés dans ce travail
sont principalement géologiques (glissements de terrain et effondrement de dolines, par exemple),

méme s’il est question de gréle dans un des chapitres.

La premicre partie de ce travail se concentre sur les analyses de risques a 1’échelle locale.
On considere par échelle locale un petit groupe d’objets tels que des maisons ol une route.
Premierement, dans 1’idée d’améliorer 1’analyse des phénomenes dangereux, le potentiel de la
méthode photogrammetrique, qui consiste a extraire la position d’un objet dans I’espace a partir
d’un jeu de photos, est estimée. Conjointement a cette méthode prometteuse, une discussion sur
les drones, qui permettent de transporter un appareil photo et de prendre des photos utilisables pour
la photogrammétrie, est présentée. Ensuite, un outil permettant de calculer le risque a 1’échelle
locale est présenté. Cet outil, développé dans Microsoft Excel, vise a calculer rapidement le
risque en utilisant des cartes de danger établies selon les standards suisses comme donnée de
base. Un aspect particulier de ce modele est présenté dans le chapitre suivant, qui passe en
revue les méthodes utilisée pour calculer la probabilité conditionnelle qu’un projectile atteigne
un véhicule, et propose une méthode tenant compte des dimensions des deux objets. Ensuite,
des pistes de développement du modele de risque sont présentées et concernent 1’addition de
multiples scénarios de risque et la prise en compte de I’incertitude dans 1’analyse de risque en
utilisant une simulation de Monte-Carlo. Pour conclure cette partie, une méthode visant a prendre
en compte les mesures de protection dans les cartes de danger sans perdre le degré de danger
initial est présentée.

La seconde partie de ce travail présente des analyses de risque a I’échelle régionale, avec une
région variant de I’échelle du canton a celle d’un (petit) pays. La premiere étude se concentre
sur le risque induit par la dissolution du gypse sur un portefeuille de batiments. Un inventaire

de batiments endommagés est établi a partir de différentes sources et des projections sont

7



faites pour estimer le risque que prendrait 1’assurance des batiments en assurant ce type de
dommages. Ensuite, un modele stochastique visant a modéliser des glissements superficiels liés a
un événement de pluie intense ainsi que leur probabilité d’impact sur des batiments est exposé.
Cette étude montre que la position des glissements est positivement corrélée avec la position des
batiments, ce qui suggere une influence du bati sur les glissements de terrain. Cette partie se
conclut sur une analyse basée sur un événement de gréle, ou une relation entre la taille maximum
des grélons observée a 1’aide d’un radar pendant un événement est corrélée a la proportion de
batiments endommagés ainsi qu’a leur taux de dommage. Le risque annuel moyen est calculé sur
la base de cette relation et de données extraite d’une carte de danger existante. Des événements
aléatoires sont également crées sur la base de ces données, dans le but de voir comment les cofits
se répartissent dans le temps.

Malgré que les principes du calcul de risque soient relativement simples et bien établis, ce
travail met en évidence la diversité des procédures et le besoin de les ajuster aux questions de
recherche. De plus, ce travail montre I’'importance de bons inventaires des événements et de leur

conséquences, puisque ces inventaires sont cruciaux pour effectuer une bonne analyse de risque.
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Chapter 1

Introduction

1.1 Context of this PhD study

The first four years of this PhD work were the result of a collaboration between the University of
Lausanne and the team in charge of coordinating the establishment of hazard maps at the State
of Vaud. The idea was to strengthen the relation between these two entities and to provide a
scientific support for the hazard maps dealing with geology. My role was then to assist the hazard
mapping team, bringing in the competences of the University. As a result, part of the work of
this PhD originated from the various problems encountered in the process of hazard mapping. In
addition, the State of Vaud was interested in going further in the risk analysis and management,
which was then chosen as a general topic for this PhD thesis.

In the meantime, natural hazard being more and more expensive for the building insurance
companies, several mandates where granted to the University to try to assess the cost of natural
phenomenon for their building portfolio. That gave the opportunity to access to sensitive data
that are not often provided for purely academic work, and to go further in the risk analysis, as
wished by the State of Vaud. This is the starting point of the chapters on sinkhole risk (Chapt. 7)
and on hail risk (Chapt. 9).

1.2 Natural hazards and risk

1.2.1 Section outline

This thesis refers to the term "natural hazards". By natural, it is implied that there is no human
action of any kind on the process. This is not always the case of the hazards presented in this

thesis. As a matter of fact, as presented in Fig. 1.1, hazards are most of the time not completely
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20 Chapter 1: Introduction

natural since almost every phenomena can be influenced by humans to some extent. The current
work deals mostly with hazards belonging to the landslide group, but Chapt. 9 treats of hail,
which could be placed together with tornado on Fig. 1.1. Both categories have then a large natural
component, but can have a significant human influence as well. For hail, the human influence is
for example the changes in the atmospheric system induced by the current climate change. When
it comes to landslides, the human influence can be much more direct, for example by changing
locally the stability conditions, especially the water intake and the slope profile (e.g. Jaboyedoff
et al., 2016; Michoud et al., 2011).

Natural » Manmade

Involuntary . Intense
Asteroid impact

Earthquake
Tsunami

Volcanic eruption

Cyclone
Tornado
Landslide
Flood
Drought
Bushfire
Industrial accident
Air pollution

v v

Transport accident Diffuse

Voluntary

Figure 1.1: Classification of hazards according to the potential human influence, to the extent of
the risk imposed (e.g. number of persons affected) and to the willingness of the exposure (from:
Smith and Petley, 2009).

Section 1.2.2 presents briefly the geological hazards, to which landslides belong, whereas
Sect. 1.2.3 reviews the hydro-meteorological hazards, especially hail. The notion of risk is
then introduced in Sect. 1.2.4, and the specificities of hazard mapping and risk management in

Switzerland are presented in Sect. 1.2.5.
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1.2.2 Geological hazards

Introduction

Geological hazards, or geohazards (Komac and Zorn, 2013), is a group containing all hazards
related to the earth, such as earthquakes, volcanic eruptions, landslides or subsidence. Tsunamis
and floods are also sometimes included in this category since they are driven by the topography
(e.g. Komac and Zorn, 2013; Guthrie, 2013). The terminology proposed by the United Nations In-
ternational Strategy for Disaster Reduction (UNISDR, 2009) does not include floods in geological
hazard and mentions that tsunamis are difficult to classify, since their origin is geologic, but their
expression as a hazard is a water-related process. This more restrictive definition also corresponds
to the category "Geophysical hazard" of the "Emergency Events Database" (EM-DAT) compiled
by the CRED (Guha-Sapir and Vos, 2011), which is however a bit more restrictive since only
"dry" landslides are included. In addition, landslides consequences are sometimes attributed to
their triggering event (earthquake, storm, ...) in the databases (Lacasse and Nadim, 2009). A
description of the geological hazard studied in this manuscript, namely landslides and karstic

subsidence, is given below.

Landslides

The term landslide does not only cover the slide of a land, but is rather defined as "the movement
of a mass of rock, earth or debris down a slope" (Cruden, 1991). De Blasio (2011) considers
that the density of the moving mass has to be at least 10 % greater than water for a gravity mass
flow to be considered as a landslide. Landslides are commonly classified and named according
to their movement type (Fig. 1.2) and to the material involved. Regarding the material, Cruden
and Varnes (1996) distinguish rock from soil, and classify the soil materials in earth (= 80% of
particles smaller than 2 mm) and debris (20—80 % of particles larger than 2 mm). Hungr et al.
(2014) extends this list by proposing to use: rock, clay, mud, silt, sand, gravel, boulders, debris,
peat, and ice, and to add descriptive adjectives such as strong or weak for rock material. The
authors also add slope deformation to the movement type and summarize the classification as

shown in table 1.1.

Landslides are also often characterised by their velocity, ranging from extremely slow
(< 1.6 cm/year) to extremely rapid (> 5 m/s), as proposed by Cruden and Varnes (1996), and by

their state of activity (active, suspended, reactivated, dormant, stabilized or relict).
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Table 1.1: Classification of landslides according to Hungr et al. (2014). When applicable, only
one of the word in italics should be used. Landslide types in bold face usually reach velocities
classified as extremely rapid (> 5 m/s).

Type of movement

Rock

Soil

Fall

1. Rock/ice fall

2. Boulder/debris/silt fall

Topple 3. Rock block topple 5. Gravel/sand/silt topple
4. Rock flexural topple
6. Rock rotational slide 11. Clay/silt rotational slide
7. Rock planar slide 12. Clay/silt planar slide
Slide 8. Rock wedge slide 13. Gravel/sand/debris slide
9. Rock compound slide 14. Clay/silt compound slide
10. Rock irregular slide
15. Rock slope spread 16. Sand/silt liquefaction spread
Spread o
17. Sensitive clay spread
18. Rock/ice avalanche 19. Sand/silt/debris dry flow
20. Sand/silt/debris flowslide
21. Sensitive clay flowslide
22. Debris flow
Flow 23. Mud flow
24. Debris flood
25. Debris avalanche
26. Earthflow
27. Peat flow
28. Mountain slope deformation 30. Soil slope deformation
Slope deformation  29. Rock slope deformation 31. Soil creep
32. Solifluction




Section 1.2: Natural hazards and risk 23

SPREAD

Figure 1.2: Type of landslide movements (modified from: Cruden and Varnes, 1996; Hungr et al.,
2014)

Karstic subsidence

According to Marker (2013), subsidence is "the mainly vertical downward displacement of the
Earth’s surface generally due to insufficient support from beneath, a superimposed load, or a
combination of both". According to the same source, it can result from the collapse or the
settlement of natural or man-made underground cavities, from a movement along a fault during
an earthquake, from ground compaction due to fluid withdrawal (e.g. water, oil, gas) or from
compression of weak soils by a superimposed load or by shaking. Karstic subsidence belongs to
the first of the above identified causes, since it is related to natural cavities.

Karst refers to the ensemble of specific landforms that occurs on soluble rocks such as
limestones or evaporites. It includes the superficial landforms as well as the underground cavities
and drainage systems. When it comes to subsidence, this latter group is the most important. Ford
and Williams (2007) mention that the rock solubility needs to be combined with a favourable
rock structure and lithology to produce karst. Sinkholes, or dolines, are the surface manifestation
of subsidence and are circular to sub-circular enclosed depression with a diameter ranging from a
few meters to around 1 km (Ford and Williams, 2007).

A classification of sinkholes, comparable to the one used for landslides, has been proposed
by Gutiérrez et al. (2008b). It combines the movement type and the material involved (Fig. 1.4).

The movement types considered are sagging, which corresponds to a progressive settlement,
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Figure 1.3: Example of catastrophic sinkhole in the Italian municipality of Camaiore, in Tuscany
(Picture by L. Micheli from: Buchignani et al., 2008).

suffosion, which is the result of unconsolidated material moving downwards (by washing or
granular flow for example) and collapse, which is a sudden phenomenon. The material involved
can be classified as bedrock, caprock and cover. Bedrock refers here to the rock formation
in which the dissolution occurs, whereas caprock refers to a rock mass belonging to another
formation, and located above the bedrock. Since most cases involve several processes or material,
a combination of terms is possible as well (e.g. cover and bedrock collapse).

Gutiérrez et al. (2008a) lists the human activities that might trigger or accelerate the formation
of sinkholes. The main processes concern the modification of water circulations (e.g. increased
water input to the ground or lowering of the water table, which favours the percolation of

unsaturated water) and the application of a load (static or dynamic).

1.2.3 Hydro-meteorological hazards
Introduction

Hydro-meteorological hazards are related to the atmosphere or to the hydrosphere. This category
typically includes severe weathers such as cyclones, thunderstorms, hailstorms or tornadoes
(classified by Guha-Sapir and Vos, 2011, as meteorological hazards), more diffuse processes such
as droughts and heatwaves (classified by Guha-Sapir and Vos, 2011, as climatological hazards)
as well as other hazards such as avalanches or floods (UNISDR, 2009). The CRED classifies
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Figure 1.4: Classification of sinkholes according to the movement type and the material involved.
The layers are originally horizontal and with a constant thickness in these sketches, so that the
deformations are only related to the sinkhole process. Dissolution is occurring in the rocks
represented by upward-facing open triangles, and the initial position of the dissolute rocks is
marked by a red overprint (modified from: Gutiérrez et al., 2008b).

floods as hydrological hazards and even add "wet" landslides (Guha-Sapir and Vos, 2011). A clear
line can not be drawn between hydro-meteorological hazards and geological hazards since this
latter group can be largely influenced by hydro-meteorological conditions (see for example the
influence of rainfalls on landslides in Chapt. 8). Anyway, only hailstorms are directly investigated

in this manuscript and will therefore be described below.

Hail

Hailstorms can form when a deep convective system is created, with strong updraft going up to
the tropopause and forming an overshooting top (Fig. 1.5, Reynolds, 1980; Bedka, 2011). This
requires an intense solar radiation, that heats the earth surface and favours the evapo-transpiration.
This heat and humidity is then carried to upper levels of the atmosphere by convection. During its

ascent, the air expands due to lower pressures and cools down as a consequence. This temperature
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drop favours the condensation of the water, which releases latent heat and slows down the air
cooling, maintaining thus the instability (Doswell, 2014). If a strong upward current exists,
large hailstones can be maintained in suspension. In the absence of nucleus, water can reach
temperatures far below zero and freeze rapidly when meeting a hailstone (Flossmann, 2006).
This type of hailstone creation is known as wet growth and results in transparent hailstones. Dry
growth characterizes the hailstones created by the transformation of vapour in ice (also called
rimming) and results in translucent ice (Doswell, 2014). A single hailstone often displays an
alternation of these two creation modes (Fig. 1.6)

In addition to hail, severe storms can produce lightning and thunder, as well as strong wind
and tornadoes. Due to the convective systems, where the ascending air has to be replaced by
descending air, hailstorms are generally organized in cells, which have a lifetime of around 20 to

40 minutes, although the storm itself might have a longer lifetime (Doswell, 2014).

‘ Mature Cumulonimbus Stage ‘

Rsing “Bubble”

Figure 1.5: Example of deep convective storm cloud with the overshooting part on the top
(compare to the sketch on the right) (modified from: Doswell, 2014).

1.24 Risk
The risk concept

All phenomena described above can have negative consequences for the humans. The combination
of the likelihood of such an event and its negative consequences is known as risk. (Kaplan and

Garrick, 1981) define risk as the answer to three questions:

1. "What can happen?"

2. "How likely is that?"
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Figure 1.6: Hailstone section shown through polarized (left) and natural light and revealing its
internal structure, which results from an alternation of wet and dry growth (from: Doswell,
2014).

3. "If it does happen, what are the consequences?"

The answer to the first question is the scenario, the answer to the second question is the
likelihood and the answer to the third question is the consequences. These three elements form
a risk triplet (Kaplan and Garrick, 1981). The same source of hazard can result in several
triplets, reflecting the different potential outcome of a risk situation. If the analysis is performed
quantitatively, a combination of several triplets can be used to form a risk curve, also known
as FN curve (e.g. Kaplan and Garrick, 1981; Christian, 2004; Fell et al., 2005), which presents
the frequency, generally in terms of number of events per year, at which a number of victims
is reached or overpassed. An example is shown in Fig. 1.7, and compares risks from different
sources. A different definition has been given recently by the International Organisation for
Standardization in the standard ISO 31000:2009 and defines risk as the "effect of uncertainty on
objectives" (Purdy, 2010). Although this interesting definition places the uncertainty in the heart
of risk analysis, the definition of Kaplan and Garrick (1981) will be preferred in this manuscript
since it is easier to translate in numbers. A critical discussion of this new definition is given in
Purdy (2010) and Aven (2011).

Frequency or probability?

When defining the risk, some authors consider the hazard as a probability (e.g. Einstein, 1988),
when some others consider the hazard as a frequency (e.g. Cascini et al., 2005). Some authors
even use both terms almost indistinctly (e.g. Fell et al., 2005). Both concepts can be used to
answer the second question in the previous list. However, these two concepts are not synonym.
Starting with the (temporal) frequency, it can be defined as the number of time that a repetitive

event occurs in a unit period of time. The frequency can take any value between 0 and co. The
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Figure 1.7: Risk curves for different hazard (Kaplan and Garrick, 1981, reproduced from: U.S.
Nuclear Regulatory Commission, Reactor Safety Study: An Assessment of Accident Risks in US.
Commercial Nuclear Power Plants, WASH-1400 (NUREG-75/014), 1975).
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inverse of a temporal frequency is the return period and corresponds to the average time between
two occurrences of the event. When talking about frequency, one generally thinks of something
that repeats with constant intervals. However, in risk analysis, the term frequency is usually used
for an average frequency, which means that the different occurrence of an event occurs with
variable intervals. When it comes to landslides, it is unlikely that the exact same landslide occurs
twice at the same location, since the slope conditions will change after the first one. However,
when looking at a larger region, landslides can often be considered as repetitive events (van
Westen et al., 2006).

When it comes to the term probability, it is harder to define. A first approach is to consider
the probability as a relative frequency (e.g. Ross, 2010; Fell et al., 2008b), which is the number of
time an event occurs divided by the total number of outcomes. This approach of the probability is
also sometimes referred to as "objective" probability and can be related to the aleatory uncertainty
(Kaplan, 1997), which is a random variability assuming that the model is correct (e.g. Beven,
2009). The other approach is to measure a personal degree of belief (e.g. Ross, 2010; Fell
et al., 2008b). This type of probability is also called "subjective" and is closer to an "epistemic"
uncertainty (Kaplan, 1997), which results from a lack of knowledge (e.g. Beven, 2009). This
approach of probabilities is also suited to "one shot events" (Kaplan, 1997). Probabilities can

only take values between 0 (impossible event) and 1 (certain event).

Frequency and probability can be linked by the Poisson law, which has the following form:

k
P(X =k)= %e” 1.1)

Where, P(X = k) is the probability that event X occurs k times in the observation period,
knowing that its mean frequency is A (e.g. Ventsel, 1973). To fit this law, the occurrences need
however to be independent, which is not always the case with natural hazards. For example, the
occurrence of an earthquake along a specific fault has a large influence on the occurrence of
other earthquakes along the same fault. Indeed, a strong earthquake comes generally with smaller
earthquakes that are spatio-temporally related to the main one (e.g. Stein and Wysession, 2003;
Telesca et al., 2001). Therefore, the Poisson law is not adequate to reproduce the occurrence of
earthquakes. On the other hand, the occurrence of hurricanes over the years often fits well with a
Poisson law (e.g. Mooley, 1981; Elsner et al., 2004). Regarding landslides, Crovelli (2000) states

that the Poisson law might be a suitable first approximation.

It can be seen from the Poisson law that when the frequency is small (A — 0), then the
probability that the event occurs once in the time unit and the frequency are almost equal
(P(X = 1) = )). That is because, in this case, the probability of having more than one event

in the time unit is negligible. For this reason, frequencies and probabilities are often used
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indifferently in risk analysis (for example in Fell et al., 2008b). When the probability of having
more than one event in a time unit is not negligible, then expected value should be used (as long
as the damage can be repaired in the meantime). For the Poisson distribution, the expected value

is equal to the frequency (e.g. Ross, 2010).

Kaplan (1997) states that the likelihood can also be defined by a "probability of frequency",
which is, in other words, a probability distribution of the frequency. This is especially useful to
include the uncertainties in risk modelling; uncertainties that can be defined using objective or

subjective criteria (Uzielli et al., 2009).

Most of the time, especially when a frequency can’t be measured, a risk estimation is

subjective and is relative to the observer, as illustrated by this example:

"Some people put a rattlesnake in a man’s mailbox. Now if you had asked that man:
’Is it a risk to put your hand in your mailbox?’ He would have said, ’Of course not.’
We however, knowing about the snake, would say it is very risky indeed." (Kaplan
and Garrick, 1981)

The consequence of this is that uncertainty is intrinsically enclosed in the concept of risk. Aven
and Renn (2009) and Rosa (1998) insist also on the uncertainty since they consider that "risk
refers to uncertainty about and severity of the consequences (or outcomes) of an activity with
respect to something that humans value". Some risks contain a large uncertainty, when others are

more predictable.

A category of unpredictable events are the Black Swans, defined by Taleb (2007) as events
that are outliers (i.e. nothing indicates that it could happen), that have huge consequences and for
which we tend to find a posteriori explanations and clues for their prediction. Gilbert et al. (2016)
considers these risks as "unknown unknown", things we don’t know we don’t know, which is a
concept presented by the former U. S. Secretary of Defence Donald Rumsfeld. The possibility
to predict these risks or not is debated (e.g. Werther, 2013; Stein and Stein, 2014). Sornette and
Ouillon (2012) and Paté-Cornell (2012) think that considering such event as unpredictable is
irresponsible, since it justifies inaction. From the studies of several authors (e.g. Ancey, 2012;
Stein and Stein, 2014) it seems that natural hazards are not susceptible to real black swans, but
that, although if similar events are not available in an historic record, can be foreseen, for example
by enlarging the scope of the analysis (or "pooling data from different sites" Ancey, 2012). In
addition, potential error in the historic data must also be considered (Ancey, 2012; Kuczera et al.,
2010). Paté-Cornell (2012) and Gilbert et al. (2016) see in Bayesian probabilities a good approach

to deal with such uncertainties.
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Analysing the risk
Scenarios and event trees

A first step in a risk analysis is often to define scenarios both for the hazard and the consequences.
According to the learner’s dictionary of Merriam-Webster, a scenario is "a description of what
could possibly happen". According to Garcia-Aristizabal et al. (2015), a scenario should be
synoptical, plausible and consistent. When defining a set of risk scenarios, Kaplan et al. (2001)
point out that the set should be complete (i.e. cover the range of possibles), finite and disjoint
(i.e. no overlap of the scenarios). The authors consider the process of defining scenario as a
"partitioning” the risk space. A way to do this is to use an event tree (e.g. Wong et al., 1997;
Lacasse and Nadim, 2009). An event tree is a construction that divides a starting event into
possible sequences of events. At each node of the tree, the incoming branch is divided into several
branches that each represent a possible state. A probability is attributed to each branch so that
the sum of the probabilities of the branches coming out from a node is equal to one (Peila and
Guardini, 2008). As a consequence, the branches emerging from a node should be incompatible
events (e.g. a tossed coin can’t fall both on the head an on the tail at the same time) that covers
the whole range of possibles (e.g. the same tossed coin can’t fall on its edge, so head or tails
cover the whole spectrum). All the probabilities in the tree are conditional to the occurrence of
the starting event and to those of all the branches leading to the considered node. An example of
event tree is presented in Fig. 1.8. For each end, the probability is calculated by multiplying the
probabilities of all the branches leading to the end. In addition, consequences are estimated. Once
the analysis has been done, each result is a combination of likelihood and consequences (in terms
of run-up height in Fig. 1.8, but it might also be the number of victims or the economic losses). If
the results are ranked by the magnitude of the consequences, it is possible to combine the results
to build a risk curve giving the likelihood of an event reaching or overpassing a magnitude of

consequences (FN curve, Kaplan and Garrick, 1981).

Risk as an expected value

Another way to express the risk is using an expected value, which is typically expressed in
monetary loss per year or in death per year (e.g. Fell et al., 2005). As for FN curves, it is done
by multiplying the frequency and the consequences. These latter are often calculated using a
combination of three terms. One of these terms is the number of potential victims or the total
value of the elements that can be affected. For humans in objects, since all the occupants will not
die from the impact, the probability for an occupant to die in the scenario needs to be considered.

At this point, it is important to mention that although risk analyses could also consider the injured
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Figure 1.8: Example of an event tree for a tsunami created by the failure of Aknes in the
municipality of Stranda, Norway. The starting point of the tree is the rock slope failure and its
probability (F) is assessed with another tree, which is not presented here (from: Lacasse et al.,
2008)

persons, most of them only consider the fatalities, which is easier since it is Boolean, and since
the fatalities are generally more reported. Also, fatalities can be considered as a proxy for other
consequences. The probability for a person to die, or the proportion of loss in case of an object,
is called the vulnerability. Vulnerability is a function of the hazard intensity and the object type,
among others (Fig. 1.9). The hazard intensity can be expressed in many ways, and a relevant
and measurable indicator (total energy, landslide velocity, ...) needs to be selected (e.g. Fell
et al., 2005). Finally, in some cases, a last parameter is needed. Indeed, if we consider the risk for
persons in a house, it will depend on the time they spend there. This is done through the temporal
spatial probability, also called exposition. A way to write the risk equation is then (modified from
Agliardi et al., 2009; Corominas et al., 2013):

Ri; = f(M;) x N (1.2)
= f(M;) x P(X|M;) x P(T;|X) x Vi; x E; (1.3)

Where f (M) is the frequency of the natural event (e.g. the landslide) with magnitude M in
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Process type (hail, landslide, ...)

Damage severity

Intensity (kinetic energy, height, ...)

Figure 1.9: Synthetic example of vulnerability curves. The vulnerability (damage severity) is
a function of the intensity and of the object type. Since it is generally a regression made from
different situation, simplifying or disregarding many parameters, the realisation generally show a
high variability around these curves.

scenario j and N are the consequences. These latter can be divided in P(X|Mj), the conditional
probability that the event reaches the location X, P(7;|X), which is also often denoted by
Pgr for its spatial (S) and temporal components (1), the temporal spatial probability of the
element-at-risk, i.e. the conditional probability, knowing that the landslide occurs and reaches
location X, that the element-at-risk 7 is present at the impacted location, V; ;, the vulnerability
of the element-at-risk ¢ in the scenario j and Ej; is its monetary value, or a number of elements
(e.g. persons). Finally, since P(7;|X) and V; ; are dimensionless, if f(}/;) is a mean annual
frequency, then R; ; is the average annual loss in CHF/year (or any currency) or in death/year.
In Eq. (1.3), the frequency is as a scalar. However, in most of the natural hazards, it exists a
frequency-size relation, which can very often be fitted by a power law. This type of relation has
been observed for example for landslides (e.g. Malamud et al., 2004), rockfalls (Fig. 1.10; e.g.
Dussauge et al., 2003), and forest fires (e.g. Turcotte, 1999). Risk analysis is thus generally made
considering scenarios of different magnitude and their associated frequency and consequences.

Qualitative approaches

Risk analysis has been presented here mostly with a quantitative approach, which is the focus of
this thesis. However, risk is also very often analysed qualitatively. In the field of natural hazards,

the Rockfall Hazard Rating System (Pierson, 1991, 2012) is one of the most used qualitative
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Figure 1.10: Example of inventory of rockfalls where the curves correspond to the number of
blocks with a volume equal to or larger than the abscissa value. The distributions are fitted with
power laws of the form n(V') = aV ~?, where n(V) is the number of blocks with a volume equal
to or larger than V, a is a scale parameter and b is a shape parameter (from: Dussauge et al.,
2003).

methods. The qualitative methods often use a matrix approach that permits to define classes
(e.g. Haimes et al., 2002). These approaches contain some limits, for example that quantitatively
equivalent risks might be classified differently (Cox, 2008). An example of matrix analysis with

the effect of proposed risk reduction methods is presented in Fig. 1.11.

Indirect consequences

Finally, only direct consequences have been presented here, but they are often eclipsed by indirect
consequences. For risks along roads, the indirect consequences are for example the economical
consequences of a road closure (e.g. Shi et al., 2015). These consequences are often complicated

to estimate, even after an event.

Risk management
General considerations

The concepts above-mentioned permit to estimate the risk. They correspond, in Fig. 1.12, which
presents the general framework of risk management, to the risk analysis section, especially to
the danger characterisation (question 1 of the list presented on p. 26), the analysis of frequency
(question 2) and the characterization of consequence scenarios and the analysis of probability
and severity of consequences (question 3). Answering these questions permits then to estimate
the risk, but this estimation is useless as long as it is not somehow taken into account in policies
or to establish protection measures. The next question is thus to know if the estimated risk is

acceptable or not. Different types of criterion can answer the question of acceptability, and
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Figure 1.11: Example of qualitative risk analysis using a matrix. After the construction of
dikes, the risk for the houses is reduced, since the frequency is reduced (0—1,2). However, the
consequences in case of an event will be more important since only the largest events can reach
the houses. On the other hand, the flux deviation by the dikes will increase the risk in areas
Z1 and Z2, where the consequences are however lower (e.g. production loss if these areas are
cultivated) (from: Jaboyedoff et al., 2014)

depend a lot on the context. Several aspects can influence how a person or a society accepts a
risk or not. The first aspect is the perceived benefit. Indeed, people will accept to be submitted
to a risk only if they perceive a benefit in the situation. For example societies tends to settle in
floodplains because of the good agricultural soils and the trade opportunities (e.g. Di Baldassarre
et al., 2013b). A closely related aspect is the willingness. A person doing extreme sports accepts
a much higher risk in this situation than the same person would accept on the workplace, for
example. Figure 1.13 shows the example of a person climbing, who is willing to take a risk and
sees a direct benefit in it (having fun). On the other hand, the same person will be less willing to
accept the risk of a factory located close to his or her house, especially if this person does not have
an interest in that factory (i.e. the person does not work there, does not consume their products,
...). Litai et al. (1983) cite other distinction in risks types that can affect the acceptability. For
example, if the hazard is natural or not, if the event is ordinary or catastrophic, if the risk is future

or immediate and if the risk is new or old.

Societal risk

A first way to decide if a risk is acceptable or not is to measure the societal risk, which corresponds

to the expected number of fatalities or the economic losses. The societal risk is often represented
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Figure 1.13: Risk acceptance as a function of self-determination and perceived benefits (from:
Bohnenblust and Slovic, 1998)

by a FN curve, where FN stands for frequency-number (Fig. 1.14). For example, such a curve has
been developed for landslides in Hong-Kong (e.g. Ho and Ko, 2009) and permits to compare a risk
value or a risk curve to an acceptability and a tolerability curve. Above a certain limit, all risks
are unacceptable and measures should be taken, disregarding their cost. In the meantime, risks
that are below this limit might fall in the ALARP zone, which stands for as low as reasonably
practicable. This implies that such risks have to be reduced if possible. The possibility is generally
evaluated by another criterion such as a cost-benefit analysis (see below). Generally, this zone
spans two orders of magnitude, and risks that are below these two orders of magnitude (below a
tolerability line) are considered to be too low to justify further analysis (Option A in Fig. 1.14).
Independently from the frequency, a maximum number of victims is generally accepted, with
a buffer zone (intense scrutiny region). That is because, as seen above, the catastrophic events
are generally less accepted than more diffuse events. To account for the same effect, an aversion
factor could be added, so that the limits are no longer iso-risk lines, but give a lower threshold
in terms of mean risk (mean number of victims per year) to the events with a large number of
fatalities (e.g. Finlay and Fell, 1997; Jonkman et al., 2003). The curves presented for Hong-Kong
have been developed for landslides along a slope with 500 m length and are adjusted in case of

longer slopes (Ho et al., 2000). The same curve (or the same principle) is applied in many other
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countries and, although an economic criterion could be used, they generally measure the number
of victims. Evans and Verlander (1997) show that similar risks in terms of mean annual number
of victims can be judged differently using a FN curve. Indeed, depending on the repartition of the
type of events, the curve might cross the limit or not, although the mean risk is the same. Even if

it doesn’t discredit such analyses, it insists on their indicative nature.
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Figure 1.14: Two examples of FN diagrams with different criteria (modified from: Ho et al.,
2000)

Individual risk

A second criterion that is often used is the measure of the individual risk, which is the risk
encountered by one individual exposed to a hazard. This risk is expressed in terms of annual death
probability (formally a frequency if the hazard is a frequency). This number is often compared
to the normal death rate and aims at avoiding an unfair situation where an acceptable collective
risk would be concentrated in one individual and have a large impact in the life of that individual
(Bohnenblust and Slovic, 1998). For example, in Switzerland, the lower death rate is of about
10* between 5 and 10 years old (Fig. 1.15). Different threshold might be set according to the
willingness of the exposure, for example. For natural hazard, Hong-Kong sets the limit at 10™* for
existing settlements and 10 for new developments (Ho et al., 2000). In New Zealand, Enright
(2015) argues that the current threshold of 10 is far too high and that a limit of 10~ for existing
risks and 107 for new risks would be more suitable. It has to be mentioned that the individual
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risk is an increment of risk that adds to the other risks of a person. Thus, the same person can for
example be threatened by a risk at work and a different one at home, that might be individually

below the limit, but above if they are summed.
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Figure 1.15: Death probabilities during the period 1998-2003 in Switzerland (modified from:
Kohli, 2005)

Cost-benefit analysis

The third way to decide if a protection measure is needed is to perform a cost-benefit analysis. The
idea of such an analysis is to compare the expected cost without measure (i.e. the mean annual
risk) to the expected cost with measure, which is a combination of the annual cost of the measure
and the residual risk, since the measure often only reduces the risk (Fig. 1.16). This requires to
annualize the cost of the measure, and thus to divide the investment cost by the expected lifetime
of the measure. Such an analysis requires a monetary risk. To include the potential fatalities in the
analysis, the concept of willingness-to-pay or marginal costs has been created and corresponds to
the price that a society is willing to pay to save a statistical life (Bohnenblust and Slovic, 1998).
Different methods have been investigated to estimate this price and can for example be based
on the potential economic production of a person or estimated from the money invested and the
lives saved in past projects (Jonkman et al., 2003). In addition, this price might be weighted
by different criterion, similarly to the individual risk thresholds. It is currently of 5 mio. CHF
in Switzerland for natural hazards (Briindl et al., 2015), whereas Marzocchi and Woo (2009)
estimate, from a mitigation action at Mount Vesuvius, that a minimum value of 800 000 Euros is

reasonable for Italy.
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Figure 1.16: Example of risk analysis without protection measures (S0), with temporary em-
bankments (S1) and with long-term protection measures (S2). The calculations consider several
volume classes for the falling rock blocks and combine material and human consequences, with
an economical value of one million EUR for the human lives (from: Agliardi et al., 2009).

1.2.5 Hazard mapping and risk management in Switzerland

Switzerland is exposed to several natural hazards, among which flood and hail cause the highest
losses for the public building insurance companies (Imhof, 2011). (Hilker et al., 2009) have
registered around 3 fatalities per year caused by floods or landslides between 1972 and 2007.

These statistics does not include snow avalanches, neither accidents related to risky sport activities.

In 1987, a large flood and debris-flow event (e.g. Rickenmann and Zimmermann, 1993)
highlighted the limits of constructive structures for the protection of buildings against natural
hazards. As a result, The Federal Act of 21 June 1991 on Hydraulic Engineering (Art. 3), states
that the priority has to be given to the maintenance of the rivers and to spatial planning for the

protection against floods. Constructive measures such as dikes have to be considered only when
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the protection can’t be reached with spatial planning. When it comes to landslides, the Federal Act
of 4 October 1991 on Forests states that the Cantons shall protect their population from landslides
(ForA Art. 19), but it is less precise regarding the methods to use. However, the Ordinance of
30 November 1992 on Forests requires the Canton to prepare hazard maps and to document the
natural events (ForO Art. 15). In addition, the forest law demands that the cantonal authorities
identify and maintain the forests playing a role in the protection against natural hazards (ForA
Art. 20 al. 5). The identification of protective forests has subsequently been harmonized at the
federal level (Losey and Wehrli, 2013). Between the adoption of these laws and the publication
of guidelines for hazard mapping, the landslide which occurred in 1994 in Falli-Ho1li (Canton
de Fribourg) and destroyed 41 houses showed an instructive example of bad planning. Indeed,
the landslide, which reached velocities up to 6 m/day during the crisis, was the reactivation of a

prehistoric landslide (Raetzo et al., 2002) that should have been identified by hazard maps.

Guidelines for hazard mapping and their consideration in spatial planning have been prepared
for landslides (Lateltin, 1997; Raetzo et al., 2002; FOEN, 2016) and floods (Loat and Petrascheck,
1997; FOWG, 2001). Similar guidelines where already existing for snow avalanches (BFF, 1984).
The maps are designed for land-use planning and are based on the same hazard matrix (Fig. 1.17),
with small adaptations for some phenomena. The hazard maps are built by combining three
scenarios for each class of return period and an intensity threshold is defined for each type of
hazard. The idea of this matrix is that constructions are impossible in red areas, possible with
some restrictions in blue areas and allowed without restriction in yellow areas. The limitation of
these maps is that they do not solve the problem of already existing buildings and that they are
not adapted for transportation network, since in that case, the frequency is often more important
than the intensity. In addition, drawing these maps for the entire territory would use too much
resources. Therefore, a first step is often to build preliminary hazard maps (Jaboyedoff et al.,
2012), that are based on conservative computer models, and to combine the information of these

maps with land use maps, in order to identify the area with a potential risk.

Although risk guidelines have been published in 1999 already (Borter, 1999), systematic risk
analyses started in 2008 with the obligation for subsided projects of protection measures to be
analysed with the on-line tool EconoMe (Briindl et al., 2009). Comparable tools and guidelines
have been developed for highways (Dorren et al., 2009) and for railways (Briindl et al., 2012).
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Figure 1.17: Matrix used for the hazard mapping in Switzerland (modified from: FOEN, 2016)

1.3 Content of this manuscript

1.3.1 Outline

Although from the perspective of the 3 questions presented on page 1.2.4, analysing the risk
seems like an easy task, it is actually complicated for numerous reasons. One of the main reasons
is that risk deals by definition with uncertainty and unknowns. In addition, risk analyses are
generally based on scarce and uneven data from past events and need to compare different metrics
(such as people and objects) and to simplify complex problems. Finally, risk depends on the
end user. Indeed, a building insurance company is for example not concerned by the loss of
human lives. As a consequence, this PhD tries to improve the quantitative risk analysis of natural
hazards at local and regional scale addressing the previously enumerated issues. This manuscript
is organised in two parts. The first one treats of risk analysis at local scale and covers the whole
span of risk management, as described in Fig. 1.18, considering the role of public authorities. The
second part takes the point of view of building insurance companies and treats of risk modelling
at regional scale, where the focus is the portfolio and not the individual objects. This part also
proposes solution to work with incomplete data and to deal with the related uncertainty. More
precisely, the different chapters of this manuscript try to answer to the questions below.

At local scale (Part I), Chapt. 2 treats of the hazard characterisation by means of photogram-
metry and unmanned aerial systems (UAS). Chapters 3 to 5 discuss questions related to the risk
analyses that are performed for cost-benefit analyses, in order to estimate if protection measures
are necessary. This part is especially relevant for the method used in Switzerland, where the
risk analyses are made according to a homogenised procedure based on hazard maps. Chapter 3
presents a tool designed to perform such an analysis, with the goal of simplifying the process.

Chapter 4 discusses on the specific problem of calculating the temporal spatial probability of a
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vehicle being affected by an event and solves the problem of having a unique and simple method
for all types of hazards and vehicles. Chapter 5 proposes a method to add the risk of different
scenarios that account for the partial representation of the risk by the scenarios used for the hazard
maps and discusses on the inclusion of uncertainties in the process. Finally, Chapt. 6 proposes a
solution for the communication of the change in the hazard level when the protection measures
are built.

At regional scale (Part II), Chapt. 7 to 9 present risk models based on incomplete data for
different hazards including the uncertainties. These models are especially designed to work
with insurance data, in order to calculate the risk of a portfolio, but are also helpful in order to
understand the factors controlling the risk and to test mitigation strategies. Chapter 7 presents a
study of gypsum dissolution-related risk for a building insurance company and focuses mainly
on the inventory of past events, which permits to estimate the frequency of the events and the
buildings vulnerability. Chapter 8 is based on a rainfall-induced large landslide event and is an
attempt to create a probabilistic risk model based on the precipitation amounts and the buildings
location. Finally, Chapt. 9 is based mainly on a hail event that occurred in 2011 in Northern
Switzerland. It exploits a radar intensity map and insurance data in order to build a model, which
aims at estimating quickly the damage after an event. In addition, the vulnerability model derived
from these data is exploited in conjunction with hazard maps in order to estimate the mean annual

risk and exceedance probability curves.

1.3.2 Contribution of the candidate

This manuscript has been written by the PhD candidate, with minor external contributions listed
below. Chap. 4 and 8 have been published as articles and have been improved by the comments of
the co-authors and reviewers. In addition, the sections of Chap. 8 treating of the description of the
precipitation event and the spatial analysis of rainfall have been written by a co-author, whereas
the first comparison of the rainfall amount and the landslides’ position has been performed by
co-authors. Chap. 7 has been submitted for publication in a journal and has been improved by the
comments of the co-authors and reviewers. The other chapters have been written exclusively by
the PhD candidate, but benefited from the comments of the PhD supervisor and of the PhD jury
members.

When it comes to the appendices, the PhD candidate has participated in the different studies,

but not as main contributor.
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Chapter 2

Landslide surveying with
photogrammetry and UAS

2.1 Introduction

Landslide mapping and monitoring can be done using field techniques, but these ones have several
limitations and remote-sensing techniques have been applied for a long time as a complement. In
particular, photogrammetry has been used for several years in order to visualize the topography
and to produce topographical maps, using the relative displacement of objects on pictures taken
from different locations. However, for several years, landslide mapping and monitoring is benefi-
ting from the development of new powerful remote-sensing techniques such as LiDAR ("Light
Detection And Ranging"), which diminished the popularity of photogrammetry. Nevertheless,
recent advances in the field of computer vision and increasing computing capabilities gave a new
momentum to the photogrammetry field. In particular, the possibility to perform photogrammetry
from the ground (and at close range) using market-grade non-calibrated cameras is making this
method very popular. A particularly compelling example is the (successful) attempt to create
3D models using pictures of different monuments, such as the Colosseum in Roma (Fig. 2.1),
retrieved from an internet image search (Snavely et al., 2008). In addition, the procedure has
become very popular due to the availability of highly automated programs that does not require
a detailed knowledge of computer vision such as VisualSFM (Wu, 2015) or Agisoft Photoscan
(Agisoft LLC, 2014).

Since photogrammetry permits to obtain point clouds that are similar in many ways to LiDAR
point clouds, this chapter compares both approaches in order to identify their strengths and
weaknesses.

LiDAR technique consists in sending a laser pulse in a known direction and measuring the

47
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Figure 2.1: Reconstruction of the Colosseum, in Rome, using pictures found on the internet
(from: Snavely et al., 2008)

distance using the time of flight (TOF), the phase shift or by triangulation (Jaboyedoff et al.,
in press). TOF LiDAR is generally used for geoscientific applications thanks to its relatively
long acquisition range. LiDAR devices can be located on different scanning platforms. Many
areas have been scanned systematically using airborne laser scanning (ALS), where the LiDAR
is carried by a plane or by a helicopter. The main application of this technique is to produce
high-resolution DTM and DEM, with typical grid size ranging from 0.5 to 10 m. Another
common method is the terrestrial laser scanning (TLS), where the LiDAR device remains at the
same position on the earth surface. This technique is typically used to perform detailed scans of a
specific area and, due to its simple set-up (as compared to ALS), can be used to perform change
detection or monitoring. Finally, other moving platforms can carry a LiDAR, such as boats (e.g.
Michoud et al., 2015), cars (e.g. Lato et al., 2009; Sampson et al., 2012) or unmanned aircraft
systems (UAS) (e.g. Wallace et al., 2012). They are generally referred to as mobile laser scanning
(MLS) (Michoud et al., 2015).

2.1.1 Chapter outline

After a brief state of the art of the field of photogrammetry and UAS, this chapter outlines some
advantages and disadvantages of the photogrammetry method as compared to LiDAR, using

different case studied over the years.
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Figure 2.2: Relation between the different coordinates systems. C' is the perspective center of the
camera, whereas O is the origin of the real-world coordinate system. To simplify the schema, the
picture plane is placed here in front of the centre of perspective, although it is actually behind
(from: Robertson and Cipolla, 2009)

2.2 State of the art

2.2.1 Photogrammetry
Basic principles

Photogrammetry is a technique assessing the 3D position of a point X = [X Y Z] from its
coordinates on a set of 2D pictures. Assuming a pinhole camera (i.e. where all light rays
converge through a dimensionless hole) that respects the collinearity (the real-world point, its
projection on the sensor and the focal centre are located on a straight line), the coordinates in the

camera coordinate system (see Fig. 2.2) are related to the real-world coordinates by the following

equation:
X X —-Xo
Y. |=Rx |Y-Y) 2.1
Ze Z — 7y

This equation transposes the coordinate system to the perspective centre (C') of the camera
by translating it using Xy, Yy and Zy, which are the coordinates of the perspective centre in the

real-world coordinate system. Then a (3 x 3) rotation matrix (R) representing the orientation of
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the camera is applied. Once these 2 transformations have been made, the coordinates of the point
X = [X'Y Z] can be expressed in the camera coordinate system (X, Y, Z.). However, when
observing an image in 2D, the coordinate Z. can obviously not be estimated. When it comes to
X. and Y,, they can’t be assessed either, since they actually depend on the distance between the
focal centre and the image plan (i.e. the focal length). The 2D coordinates in the image plane are

related with the 3D coordinates by the following equations (Robertson and Cipolla, 2009):

X,

=1
¢ (2.2)

e

y= Z.

Where f is the focal length, i.e. the distance between the focal centre and the image. These
coordinates can then be related to the pixel coordinate system. By applying a scaling factor to the

right side of Eq. (2.1), it is possible to transform the equation as follows:

T — xq X — Xo
y—yo| =cxXRx |Y =Y, (2.3)
/ Z -2y

Where xg and yq represent the potential (small) offset separating the optical axis from the
geometric centre of the image'. The scale factor can then be eliminated by solving the matrix
multiplication and by dividing the scalar equations of x — xy and y — yo by the one of f (Mikhail
et al., 2001). This gives the following equation system:

oy X = X)) = Yo) +r1s(Z — Z0)
7’31(X — X()) + 7’32(Y — Yo) + 7’33(2 — ZQ)
P ra1(X — Xo) ( ) (Z — Zo)
7’31(X — Xo) + 7’32(Y — Y()) + 7’33(2 — ZQ)

(2.4)

Where r;; are the elements of R. With this ideal system, one can calculate the number of
similar points needed between 2 pictures or more to solve the equations system (Abellan et al.,
2015). Indeed, the unknown common to every points are the coordinates of the two cameras (6
unknown) and the rotation angles (6 unknown). Assuming that the coordinates of the principal
point and the focal length are common to the two images (3 unknown), then every point common
to the two pictures adds three unknown (its coordinates) and 4 equations (the 2 Eq. 2.4, for both
cameras). Therefore, with 15 common unknown, 15 common points are needed to solve the

system. If we consider 3 pictures, then there is 21 common unknown, and each point visible in

"Note that in the equation of Mikhail et al. (2001), f is replaced by — f. That is because the z-axis is pointing in
direction of the image in Fig. 2.2. As a consequence, y-axis is pointing downwards.
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the 3 pictures adds 3 unknowns to the system and 6 equations. Therefore, only 7 common points
are needed to solve the system. Although in practice a larger number of points are considered,
this example shows the potential of using a large set of pictures, with high redundancy. On the
other hand, it might sometimes be better to use fewer pictures but with a better quality, since even
for two pictures, the number of points required is relatively small.

Until now, we considered a pinhole camera, with no deformation. However, due to the use
of a lens, which aims at getting more light into the camera, most cameras are affected by a
radial deformation, and potentially by a less significant tangential deformation. These parameters
also need to be estimated and represent the internal orientation. Different deformation models
with diverse levels of complexity exists to account for these effects. For example, 3DM Analyst

(ADAM Technology, 2010) uses a model with 11 parameters (including f, x¢ and ).

General workflow

The general workflow of modern photogrammetric techniques is presented in the next sections.

Globally, it consists in:
1. defining key points on each image and searching for correspondence in the other images

2. retrieving the position and orientation of the cameras, together with their geometric para-

meters, building a sparse point cloud at the same time
3. building a dense point cloud

Finally, the point cloud can be georeferenced using different procedures.

Keypoint detection and matching

Area-based matching are very accurate methods, but only works with little perspective deforma-
tion and little light variations (Scaioni et al., 2015). Therefore, it is essentially used in traditional
aerial photogrammetry. Another group of methods, namely feature-based matching is able to
accommodate changes in scale, angle and light by describing the pictures gradients. They are also
able to accommodate occlusions. An example of such a method is the "Scale Invariant Feature
Transform" (SIFT; Lowe, 2004), which is integrated in VisualSFM with an algorithm using the
graphical processing units (GPU) to accelerate the calculation (Wu, 2007).

Sparse reconstruction

Structure from motion (SfM) refers to the process of estimating simultaneously, from a collection

of images, the camera locations and orientations (exterior orientation), the camera parameters
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(interior orientation), such as the focal length and the radial distortion, and a sparse reconstruction
of the scene (Snavely et al., 2006). It is also named "structure and motion" (SAM) in earlier
articles (e.g. Pollefeys et al., 2004; Brown and Lowe, 2005), with reference to the structure of the
scene and the motion of the camera.

The procedure is generally to select a pair of images with a large number of matches, but
with a relatively large baseline (distance between the camera stations). The scale is often set by
arbitrary attributing the value of 1 to the initial baseline (Pierrot-Deseilligny, 2013). Then, the
camera with the largest number of features that already have an estimated position is added to
the model and its interior and exterior orientation are estimated (the initial focal length value
being often retrieved from the EXIF metadata). This procedure is repeated until all cameras have
been added, or until the remaining cameras have no already positioned features (Snavely et al.,
2006). It has to be mentioned that the camera interior orientation can be defined for each picture
or adjusted globally, considering a unique camera with stable deformation.

A bundle adjustment is generally used as a last step, in order to refine the estimation of the
parameters. This procedure is likely to converge to a local minimum, therefore, it needs a good
initial estimate (Robertson and Cipolla, 2009). "Bundle" refers to the light rays emitted by the
objects in the scene and converging in each camera focal point (Triggs et al., 2000).

Due to the process of self-calibration, SfM is subject to systematic errors like the "dome-
effect” described by (James and Robson, 2014) and (Wu, 2014). Indeed, in some cases, if the
block is poorly constrained, the simultaneous resolution of both interior and exterior orientation
can be ambiguous. This is especially the case for a flat surface and sub-parallel cameras (Fig. 2.3),
and can then occur using UAS or modelling a linear cliff (James and Robson, 2014). The
solution is however simple, as Fig. 2.4 shows, since adding pictures taken with another angle can

consolidate the block and remove the ambiguity.

Dense matching

Dense matching is also referred to as "Multi-View Stereo" (MVS) and consists in building a
dense 3D model when the camera interior and exterior orientation have been established (Seitz
et al., 2006). VisualSFM integrates the second version of Patch-based Multi-view Stereo (PMVS)
software (Furukawa and Ponce, 2010). To use this algorithm with large sets of pictures, the sets
need to be decomposed in several sub-sets that are processed in parallel with PMVS2 and merged
at the end. This is usually done with the algorithm "Clustering Views for Multi-view Stereo"
(CMVS) developed by Furukawa et al. (2010). An example of MVS procedure is presented in
Fig. 2.5 and consists, for a specific pixel in an image, in projecting different hypothetical depth on

other images and selecting the depth for which the window correspondence obtain the best score.
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Figure 2.3: Examples of ambiguous configurations. The first column shows the acquisition
procedure, the second column is the model obtained with an accurate camera calibration, the
third column is the result obtained with a erroneous fixed calibration and is similar in shape to the
model obtained using self-calibration (from: James and Robson, 2014)
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Figure 2.4: Examples of acquisition strategies eliminating the systematic errors. The camera
added to consolidate the block are shown in red (from: James and Robson, 2014)
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Figure 2.5: Different depth are hypothesised on the already orientated pictures and the one
resulting with the best correspondence between the window’s is kept (from: Agarwal et al., 2011)
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Several algorithms exists and their respective performance can be compared on the website of
Seitz et al. (2015). Applying different algorithms to build a 3D point cloud of a landslide, Stumpf
et al. (2015) obtained better results using the suite Apero/Micmac (Pierrot-Deseilligny and Clery,
2011) than using VisualSFM with PMVS2.

Apart from the performance regarding the accuracy, large difference in the number of points
can be observed. Indeed, PMVS2 produces a unique 3D point for a feature present in several
images, whereas Agisoft Photoscan can produce a point for each pixel of an overlapping photo
pair, which means that a same feature can correspond to several points (Remondino et al., 2014).

Therefore, filtering can be useful in the last case.

Georeferencing

As mentioned in the sparse reconstruction section, an arbitrary scale is attributed to the point cloud.
Therefore, for many use, the point cloud needs to be scaled. In addition, as for LIDAR point clouds,
a georeferencing of the point cloud is often needed, in order to work with absolute coordinates.
Table 2.1 summarize the possible procedures that can be used to scale and georeference the point
clouds.

Most of the geoscientific application uses ground control points (GCP) to register the point
cloud in an absolute coordinate system (e.g. Niethammer et al., 2012; Fonstad et al., 2013; Stumpf
et al., 2015). A smaller number of studies use another point cloud to co-register the StM-MVS
point cloud by manually picking the coordinates of recognizable features on the reference point
cloud and by applying a transformation to the STM-MVS point cloud including translation,
rotation and scaling. An algorithm such as the iterative closest point (ICP; Besl and Mckay,
1992) can then be applied to refine the co-registration by adjusting the translation and rotation
(e.g James and Robson, 2012). Finally, few studies only scale their point cloud by measuring
a distance in the scene and by applying an homothetic transformation to the point cloud, and
no study in the field of geosciences has been found applying no transformation at all, but it is
frequently the case in papers concerning a methodological aspect (e.g. Agarwal et al., 2011).

As mentioned by Fonstad et al. (2013), georeferencing is often a seven-parameter linear
transformation (one scale parameter, three translation parameters and three rotation parameters)
applied after the point cloud processing. Therefore, if a non-linear error affects the model, as the
dome effect mentioned in Sect. Sparse reconstruction, the quality of the point cloud might be
seriously affected. However, some programs currently offer the possibility to use the GCP in the
StM process. Agisoft Photoscan offers a optimization tool, applied after a fist bundle adjustment
and a linear georeferencing, that tries to account for the GCP coordinates to optimize the bundle

adjustment (Agisoft LLC, 2014). Apero, the bundle adjustment module of MicMac proposes
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Table 2.1: Method used for scaling and georeferencing STM-MVS point clouds

Method Correction Final use Remark Examples
— — Visualisation — Agarwal et al. (2011)
Distance Volcanic bomb in
. Visualisation and . . James and Robson
measurement in the | Scale . . Often imprecise .
scene relative comparison (2012);Morgenroth and
Gomez (2014)
Ditto + compass Scale and Vlsu.a Lisation, . . . Approach A of
. . . . relative comparison, | Often imprecise Sturzenegger and Stead
orientation orientation .
structural analysis (2009)
Station location Georeferencin zgls:lla:rizggn’ Precision depend o
with GPS £ p S on scale
structural analysis
. . T . Coastal cliff section in
Co-registration Visualisation, relative or
L . . . . James and Robson
Relative tie points (relative or comparison (£ absolute according . .
. (2012); Micheletti et al.
absolute) structural analysis) to the reference
(2015)
Station location Visualisation, L Forlani et al. (2014);
. . . . Might improve the | approach B of
(and attitude) with Georeferencing comparison,
DGPS structural analvsis model Sturzenegger and Stead
Y (2009)
Ground Control Georeferencin, 22:1111 a:rsizzr(: " xz)%it:l lgrﬁx :23 Nicthammer et al.
Points (GCP) & P o » mp (2012)
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to directly include GCP coordinates in the SfM process (Pierrot-Deseilligny and Clery, 2011).
On the other hand, VisualSFM, which is widely used, does not offer this possibility. According
to its developer, Changchang Wu, it is possible, although not straightforward, to incorporate
2D control points?. Finally, to facilitate the georeferencing of point clouds after the SfM-MVS
reconstruction, Sfm_georef? (James and Robson, 2012) offers the possibility to locate the GCP
on the original pictures rather than on the point cloud, and georeferences the point cloud on this

basis.

2.2.2 UAS

Although drone and "Unmanned Aerial Vehicle" (UAV) are the most common terms used in
the general public, "Unmanned Aircraft Systems" (UAS) is now the official term used by the
International Civil Aviation Organization and correspond to the definition: "An aircraft and its

Zhttps://groups.google.com/forum/#!searchin/vsfm/GCP\protect\T 1\textdollar20bundle\protect\T 1\
textdollar20adjustment/vsfm/aUApqoG4ARQ/jwQd9Pk511Y]J
3http://www.lancaster.ac.uk/staff/jamesm/software/sfm_georef.htm
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associated elements which are operated with no pilot on board" (ICAQO, 2011). This organisation
also uses the acronym RPA, for "remotely piloted aircraft" to characterise the fact that a pilot is
able to control the UAS when needed, even if the UAS is in flying autonomously the rest of the
time. UAS is also the official term used by the US Department of Defence and by UK’s Civil
Aviation Authority (Colomina and Molina, 2014). These multiple terminologies reflect the recent
an rapid development of the UAS field.

Eisenbei3 (2009), who gives a very detailed history and state of the art of UAS, classify the
UAS according to the following categories:

Weight: heavier than air, lighter than air

Propelling: powered, unpowered

Wing type (when relevant): flexible (e.g kites, paragliders), fixed (e.g. planes) or rotating (e.g
helicopters)

Eisenbeiss and Sauerbier (2011) review the use of UAS for archeological applications, which
are quite similar to geoscientific application with regard, for example, to the dimensions or
types of materials. Especially, they classify the UAS in different categories relevant to the

archaeological applications, which adds the following distinctions:

Flight mode: manual, assisted or autonomous

Image acquisition mode: manual, stop-mode (the UAS hover at a waypoint, to insure stability

in the image) or cruising mode.

The availability of UAS has been strongly increasing in the last decade. Indeed, although
Eisenbeiss (2004) were already using an autonomous helicopter-like UAS, the use of such
system was restricted to experimented users and the number of commercial models was low.
Around 2008, MikroKopter started selling UAS component, that can be assembled following
the instructions on their wiki, and that have been integrated in other projects (HiSystems GmbH,
2015). In 2009, Sensefly started selling turnkey autonomous fixed wing UAS, carrying a compact
camera (Sensefly, 2015). The use of UAS has been greatly democratised when the DJI Phantom
has been available, starting 2013. This UAS has been designed to carry a GoPro, to be very stable
and easy to control, and is sold at a low price (around 500-1000 USD without the GoPro).
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) ﬂ Compact camera
N\

Figure 2.6: Different types of UAS used for aerial photography and SfM-MVS. A: Hexacopter
in use at the University of Lausanne (photo: Marc Choffet); B: DJI Phantom Vision 2+ (photo:
NGU); C: Octo-kopter (source: http://www.asctec.de); D: Fix-wing UAS (source: www.sensefly.
com) E: Helikopter-like UAS (source: Eisenbeil3, 2009); F: BigOkto, a UAS in development
designed for long operations (source: www.mikrokopter.de); G: CryoWing, a UAS designed for
polar regions by NORUT (source: https://www.xsens.com/customer-cases/cryowing-fixed-wing-
uav/)
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www.mikrokopter.de
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Figure 2.7: Pont Bourquin landslide viewed from the front and example of a target used for the
georeferencing

2.3 Photogrammetry versus LIDAR

2.3.1 Transportability

One of the main advantages of STM-MVS is the transportability. Since a consumer-grade camera
is relatively light, it can easily be carried by a UAS. An example of Pont Bourquin landslide
(Fig. 2.7) is described below. For a description of the landslide, see Jaboyedoff et al. (2009) or
Mainsant et al. (2012).

The photos for the STM-MVS model have been acquired on 25 August 2011 using a Canon
550D with a fix 20 mm lens carried by an Oktokopter produced by Mikrokopter (HiSystems
GmbH, 2015) and assembled by FlyingEye* (see Fig. 2.6 A). 39 pictures were acquired with the
UAS and 9 from the ground (at the toe of the landslide). The UAS was operated manually with
GPS and altimeter assisting modes and the pictures acquired manually in stop-mode in order to
respect a 60 % overlap inside the bands.

The pictures have been processed in Agisoft Photoscan. Only 37 pictures have been used
(including all the pictures from the toe) since the other pictures were causing problems to
reconstruct the model. The model has been roughly georeferenced using 5 targets measured by
total station on the 31 August 2011. Although the targets have not been significantly moving in
six days, they are not ideal for georeferencing since their coordinates correspond to the reflector
and not to the sphere located below (Fig. 2.7). Indeed, this latter has been used to georeference

the point cloud since it is well visible on the pictures.

*http://www.flyingeye.fr/


http://www.flyingeye.fr/
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Figure 2.8: Comparison of the TLS and SIM-MVS point clouds of Pont Bourquin landslide
viewed from the South. The shading is obtained using the Eye-dome Lighting function of
CloudCompare

The STM-MVS point cloud is compared with a LiDAR point cloud acquired on 11 May 2015.
In order to cover all the landslide, 11 scans acquired at different position around the landslide
were needed (Michoud et al., 2012b). The scans were then co-registered and georeferenced using

the 1 meter aerial DEM as a reference.

In order to improve the alignment between the 2 clouds, a modified ICP (Besl and Mckay,
1992) allowing scale variation was performed in CloudCompare, using the TLS point cloud as a

reference.

A visual comparison of the resulting point clouds are given in Fig. 2.8 looking towards
the North and in Fig. 2.9 viewed from above. It is possible to see from both comparison, but
especially from the view from above, that the SfM point cloud allows a better coverage of the
whole landslide. Indeed, ground-based LiDAR is not the best suited method for the flat areas or
the counter-slopes formed by the trenches built to drain the landslide (lines visible on the LIDAR
point cloud). Furthermore, the precision of the LiDAR is lower if the angle formed by the normal

to the surface and the laser beam is too high.
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Figure 2.9: Comparison of the TLS and SfM-MVS point clouds of Pont Bourquin landslide viewed
from above. The shading is obtained using the Eye-dome Lighting function of CloudCompare
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Figure 2.10: Comparison of the TLS and SfM-MVS point clouds of the house above Pont
Bourquin landslide viewed towards the NW (325°). The shading is obtained using the Eye-dome
Lighting function of CloudCompare

2.3.2 Errors

Although the results of Pont Bourquin landslide looks good when viewed globally, a more detailed
look on the chalet above the landslide illustrate that SEM-MVS is not an error-free technique
(Fig. 2.10), whereas LiDAR point clouds generally contain only small errors.

2.3.3 Sensitivity to the vegetation

When studying the temporal evolution of landslides, stable parts around the landslide are generally
needed (e.g. Oppikofer et al., 2009). Often, vegetation covers these stable parts. This is for
example the case of a landslide in Vully-Les-Lacs (Switzerland) presented in Fig. 2.11, where the
landslide took place in a previously forested area. As a result of the landslide, the trees inside the
landslide area have felt down, but logically not the ones located around.

A point cloud has been built using Agisoft Photoscan and is based on 27 pictures taken
on 16 July 2013 with the same UAS and camera as in Sect. 2.3.1. The point cloud is roughly
georeferenced by retrieving the position of the UAS at the time of each picture from the GPS
track stored in the flight data recorder of the UAS using MKGPXExport>.

Figure 2.11 shows a comparison of a picture and the point cloud obtained with Agisoft

Photoscan displayed with the colours and reproducing roughly the perspective of the picture.

Shitp://www.mk-fr.info/forum/index.php?topic=651.0
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Figure 2.11: Pictures of a landslide in Vully-Les-Lacs (left) and SEIM-MVS point cloud with RGB
colours (right)

Although the point cloud is built also in stable parts such as the house, the road at the toe and
the rock slope on the left, which would allow a co-registration with a point cloud acquired at
another time, the points in the direct vicinity of the landslide are all vegetation. On the other hand,
with a LiDAR point cloud, we could expect to have ground points as well in these areas. This
is because part of the LiDAR laser beam might reach the ground, and, if the LiDAR is used in
"last pulse" mode, the obtained range will often be the one of the ground, at least with sparse
vegetation. When it comes to StM-MVS, not only the ground needs to be visible in a picture, but
the same ground point needs to be seen and recognised in another picture. Therefore, even sparse
vegetation is often a problem with SEIM-MVS. A synthetic explanation is given in Fig. 2.13.

2.3.4 Scaling and georeferencing

As mentioned in the state of the art, if no coordinates or reference scales are used in the recon-
struction process, the point cloud is in a relative coordinate system and also possess a relative
scale. Two case studies are presented below and aim at evaluating the performances of simple
scaling and simple georeferencing, without using GCP. Sometimes, particularly for landslide
applications the modelled scene does not allow the use of GCP, for example with unstable vertical

rock faces, in which it would be complicated and dangerous to install targets.
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Figure 2.12: Upper part of the landslide point cloud seen from below. The ground around the
landslide is not modelled although the vegetation is less dense in the direct vicinity of the landslide
than farther.

StM-MVS

Figure 2.13: Synthetic example of the problem encountered with the vegetation using SfM-
MVS. On the left, the LIDAR laser beam partly filtrates trough the leafs and the last pulse will
correspond to the ground. On the other hand, point number 1, which is identified on the left
picture, will be hard to identify on the right picture since the visible ground surface is small and
the matching is affected by the surrounding leafs.
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Simple scaling

An erratic block has been modelled several times in the framework of a master course. 5 sets
of pictures have been taken in 2013 using a Canon 550D with a fixed-lens 20 mm objective,
whereas in 2014, 3 sets have been acquired using the same material as well as 3 using the student’s
smartphones. The pictures have been taken every 0.5—1 meters along a circle at distance of around
4-5 meters from the block, representing a total of 3040 pictures. To scale the model, the students
measured an element of the scene, whereas the students of 2014 added a wooden board of known

dimensions to the scene.

The pictures have then been processed using VisualSFM (Wu, 2015). The point cloud has
then been segmented in CloudCompare (Girardeau-Montaut) in order to keep only the points
belonging to the block. To close the volume, the part lying on the ground being not modelled, a
Poisson reconstruction has been used (Kazhdan et al., 2006). This reconstruction allows forming
a smooth surface, which is more realistic than using a plane. The octree depth being chosen by

the students, the convexity is more or less pronounced on the different resulting models.

The point cloud has then been scaled by calculating the ratio of the reference length measured

on the scene and the length of the same element in the point cloud.

Finally, the volume has been calculated in matlab using, in 2013, the script Alphavol (Lund-
gren, 2012) modified by Carrea et al. (2015). This script calculates the volume of a point cloud
by defining tetrahedrons. If the volume is perfectly convex, then the script will give an exact
result. Otherwise, the search radius has to be limited in order to avoid the closure of concavities.
However, since the block contains no point inside, the search radius needs to be large enough to
allow the block to be completely filled by tetrahedrons. To allow using a smaller radius, some

points were manually added inside the volume.

In 2014, the mesh has been directly used to calculate the volume with a modified version of

the script stlVolume (Suresh, 2010), which uses the divergence theorem.

The calculated volumes are presented in Fig. 2.16. The number of samples is too small to
make definitive conclusions. However, some trends can still be explained. To start, the variability
seems larger in 2013 and some volumes are largely inferior to the mean value. This is probably
caused by a too small radius in the Alphavol calculation. Indeed, keeping an infinite radius
(Fig. 2.15) gives a result only 7.8 % above the value obtained using stlVolume, which does not
suffer from the problem of differentiating the inside from the outside. Indeed, with the model
presented in Fig. 2.15, the (unscaled) volume obtained using stlVolume is 19.6 units®. The
variability obtained using smartphones is larger than using a DSLR camera, which correspond
to the expectation since the sensor is smaller. Finally, for all models, errors can be explained

by the scaling process, in particular since the students measured a distance directly in the point
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Poisson reconstruction

ltop

Figure 2.14: Picture of the modelled block and point cloud obtained with VisualSFM. The point
cloud contain around one million points. The point cloud has then been transformed into a surface
that is closed in the bottom part of the block.

cloud, which is not trivial (particularly with the less dense smartphone models). Better results
could have been expected by measuring a distance in the pictures using, for example, Sfm_georef
(James and Robson, 2012). If we consider that the points obtained using the reflex camera and
stlVolume (2014) varies only because of the scaling, the dispersion is rather small, and thus the
scaling quite accurate (keeping in mind that there is only 3 points and that the significance of the
results is limited). In addition, part of the variability is explained by the octree depth used in the

Poisson reconstruction.

2.3.5 Simple georeferencing

The Dent-du-Midi massif is located in Western Switzerland. In 2012, a rockfall event occurred
and a team from the University of Lausanne went there to make measurements. The source area
is about 60 meters high (Fig. 2.17) and is located on "La Forteresse", which is one of the peaks of
the Dents-du-Midi massif.

LiDAR point clouds have been acquired for a large area including "La Forteresse" with an
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Radius = Inf, Volume =21.075

Figure 2.15: Using the script Alphavol with an infinite radius, the block has a volume of 21.075
units3. In this case the point cloud has not been scaled, so the volume is relative to the coordinate

system. Calculating the volume of the same point cloud using stlVolume gives a volume of
19.6 units?
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Figure 2.16: Volumes calculated by the students in 2013 and 2014. 2013 volumes are calculated
using Alphavol, whereas 2014 volumes are computed with stlVolume.
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Figure 2.17: Location of the rockfall scar on "La Forteresse" (modified from B. Rudaz, unpublis-
hed)

Optech Ilris-LR (Matasci et al., 2015). In the meantime, 2 sets of pictures have been taken. The
first set has been shot with a canon 550D using a 20 mm lens and covers roughly the same area as
the LiDAR point cloud. The second set has been shot with the same camera, but with a 250 mm
lens and focuses on "La Forteresse". The maximum range is of about 1200 m. The two models
have been processed using VisualSFM (Wu, 2015). "La Forteresse" point cloud has been built
using 528 images and has necessitated 58 hours of computation. 141 other images have been
left out since no corresponding points have been found with the model. This might have been
avoided by including pictures taken with a shorter focal to consolidate the block, as described in
Pierrot-Deseilligny (2013). The resulting cloud contains 48 million points. The pictures have
been taken from the locations shown in Fig. 2.18.

The cloud has been georeferenced using the GPS location of the stations, which are estimated
with a precision of around 5 meters. To estimate the quality of the georeferencing, the SETM-MVS
point cloud has been co-registered on the LiDAR mesh using a modified ICP (Besl and Mckay,
1992) allowing scale variation. The absolute coordinates of the LiDAR point cloud have been
assessed by co-registering the point cloud on the 1 m DEM. The distribution of the distances
from the STM-MVS points to the LiDAR mesh are shown in Fig. 2.19 before and after the
co-registration. The co-registration permits to centre the distribution on 0 and to reduce the
standard deviation from 3.10 m to 0.66 m.

In addition, the point cloud has been scaled down by 0.42 % and rotated of 1.26° around
the x-axis, -0.14° around the y-axis and -0.05° around the z-axis. Rotation angles have been
estimated using the method described in Oppikofer et al. (2009). The smallest rotation angle
around the z-axis (vertical) might be explained by the fact that GPS are more accurate on the
XY plane. Indeed, although a barometer is often used to obtain a better precision on the vertical

axis than the plane precision, the quality of the altitude estimation depends on the calibration
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Figure 2.18: Location of the STM-MVS stations and of the resulting point cloud

and on the time variations. Finally, the median distance between a point before and after the

co-registration is 3.91 m.

2.3.6 Sensitivity to the reflector

In the case of the Dents-du-Midi rockfall event, the scar was partly covered by ice, as it can be
seen on Fig. 2.17. In such situation, if the ice is pure, the LiDAR gets no return. On the other
hand, VisualSFM has been able to model the ice covered part of the scar (Fig. 2.20).

2.3.7 Colour-based segmentation

By contrast with the LiDAR, which gives an intensity value, STM-MVS returns a RGB colour
based on the photography. To test the potential of semi-automatic segmentation based on the
colour, the distribution of the colour intensity of the different formation are studied on the point
cloud of the whole massif (Fig. 2.21). The same has been done with the LiDAR intensity of
the Dents-du-Midi massif by Matasci et al. (2015), who obtained good results (Fig. 2.22). In
addition, a similar comparison has been also been done by Humair et al. (2015), who obtained
better results with the blue band of the STM-MVS model than with the LiDAR.

For the LiDAR, as the intensity depend on the range and on the incidence angle, Matasci et al.
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GPS: Mean=1.38m,STD=3.10m GPS registered
ICP: Mean =-0.03m, STD=0.66 m Position refined with ICP
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Figure 2.19: Distribution of the distances from the STM-MVS points to the LiDAR mesh before
(GPS registered) and after the co-registration (Position refined with ICP). The average distance
and the standard deviation are also provided.

Figure 2.20: The part of the rockfall scar which is covered by ice did not return any signal from
the LiDAR, whereas the SEIM-MVS point cloud has not been affected by the presence of ice.
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Cimpe de ['Est YWacde Cine

Figure 2.21: Geological cross-section from De Loys and Gagnebin (1926). The red window
corresponds to Fig. 2.21 with another view angle (hence the perspective deformation of the
window)

(2015) correct the intensity using the following equation:

Iraw X R2

Lopr = —F——— 2.5
cos (0.75 x «) 25)

Where 1,4, is the raw intensity, R is the range and « is the angle between the normal to the
face and the incidence beam (Carrea et al., 2016).

When it comes to the SfTM-MVS point cloud, it has been first segmented to keep only the
interesting part and to remove the fringes, where the sky colour is attributed to the rock slope
(Fig. 2.23). Then, it has been manually segmented in order to separate the different formations
for the analysis. The distribution of the intensities for each band have been studied, and since
they present similar characteristics, only the grayscale distribution is presented in Fig. 2.24. A
colour-based segmentation seems not really possible since the overlapping of the distribution is

quite large.

2.4 Perspectives and conclusion

To sum up, as compared to LiDAR, SfM-MVS possess the following advantages (modified from:
Pierrot-Deseilligny, 2013):

e low-cost technique
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Figure 2.22: Corrected intensities obtained with the LiDAR for different lithologies (from:
Matasci et al., 2015)

e high portability (a camera can be carried by a small UAS)

e multiple working scales allowed, with varying precision

e can be performed with standard field equipment

On the other hand, SIM-MVS is affected by the following drawbacks:

return

not error-free

does not "penetrate" the vegetation

the intensity is not univocal and depends on the lightening conditions
scaling is needed and might affect the precision

works on textured materials only, but sometimes on material for which a LiDAR gets no

the parameters such as the precision and the point density are harder to control

SfM-MVS techniques are expected to continue their development, in particular in the acces-

sibility of such techniques and on the control of the precision. Some limitations will however

remain such as the low ability to work with the vegetation. On the other hand, SfM is also
assisting the development of UAS-borne LiDAR (Fig. 2.25). Indeed, apart from their weight, the

main problem of using LiDAR on UAS is to precisely measure the position and the attitude of
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Figure 2.23: Procedure followed to classify the point cloud. A first operation is to segment the
point cloud in order to remove the fringes where the sky colour is attributed to the cliff and to
remove the small patches of points. Then, the point cloud is manually segmented in order to
separate the different lithologies.
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Figure 2.24: Distribution of the greyscale intensity for different lithologies. Although the
Urgonian limestones have a slightly higher intensity as expected, the correlation is very small.

the UAS in order to know exactly where the LiDAR is shooting. Wallace et al. (2012) used SfM
in order to refine the position and attitude of the UAS and to improve the LiDAR point cloud.
They divided the horizontal RMSE by two by adding the SfM observation to the GPS and inertial
measurement unit (IMU) measurements.

Finally, substantial improvements are expected in the UAS field, in particular regarding the
system reliability and flight duration. In addition, a development of small LiDAR devices that

can be carried by small UAS is awaited.



Section 2.4: Perspectives and conclusion 75

Novatel Dual Frequency GPS Microstrain Gumstix

Antenna \ IMU Computer

Novatel
Dual Frequency
GPS Reciever

Contour
Camera
Ibeo
LUX Scanner

Figure 2.25: UAS carrying a LiIDAR and other devices such as a HD video-camera (from: Wallace
et al., 2012)
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Chapter 3

Cost-benefit analysis

3.1 Introduction

Cost-benefit analysis is one of the methods used to decide if protective measures should be
implemented or not (e.g. Fell, 1993; Marzocchi and Woo, 2009; Boonyanuphap, 2013). It consists
in comparing the cost of a protective measure to the risk reduction that this measure offers.
In cost-benefit analyses, risk reduction is expressed in monetary terms, which distinguish this
method from a cost effectiveness analysis, where the benefits are evaluated qualitatively (e.g.
Fuchs et al., 2007; Ganderton, 2005). It is therefore a tool that is appropriate for governmental
institutions that need an objective method to allocate their resources. In the USA, the Federal
Emergency Management Agency requires a protection measure to be cost-effective and offers
a tool to assess that (FEMA, 2015). In Switzerland, such an analysis is also required for the
funding of protective measures by the confederation (Briindl et al., 2009) and is also performed
for national roads (Dorren et al., 2009) and railroads (Briindl et al., 2012). For the funding of
measures protecting buildings, the Swiss Confederation offers an on-line tool named EconoMe
to perform the analysis (BAFU, 2016a). Since the previous versions of this tool were relatively
slow and complicated, a simplified version, based on an excel spreadsheet and named Valdorisk,
has been developed and is presented here. These analyses are based on the products established
during the standardised hazard mapping process.

For natural hazard considered as repetitive, Swiss hazard maps are made by combining
scenarios of different return periods, which is an approach often used internationally, especially
for floods (e.g. Ward et al., 2011). In Switzerland, three predefined classes of return periods
are considered, namely 0-30, 30-100 and 100-300 years (Loat and Petrascheck, 1997; Raetzo
et al., 2002, see also Sect. 1.2.5). In practice, the worst scenario of each class is chosen, which

corresponds to the highest return periods, i.e. 30, 100 and 300 years. These return periods are
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then used for the risk analysis. Such maps are established for snow avalanches, floods, debris-flow
and rock falls. The procedure of hazard mapping is therefore to define a scenario for each of the
return period classes (e.g. block size for rock falls, rate of overflow at a critical point for floods;
this part is referred as the magnitude hereafter) and to model or estimate the spatial distribution of
intensities, classified according to predefined thresholds. This approach is based on the fact that
the frequency—magnitude of most natural hazard is characterised by a heavy-tailed distribution
such as a power law (e.g. Guzzetti et al., 2002). The three scenarios are then combined keeping
the highest class of hazard retrieved in a matrix (Fig. 1.17). The resulting hazard map is then used
for land planning. However, when it comes to risk analysis, the intensity maps are used, since
they assess the frequency and intensity of an event.

This chapter presents the formulas used in Valdorisk (Sect. 3.2) as well as the program
architecture (Sect. 3.3).

3.2 Formulas

The formulas used to calculate the risk in Valdorsik are mostly similar to the ones used in

EconoMe, which are described in detail in Briindl et al. (2016). A short summary is given here.

3.2.1 Risk analysis
Common parameters

Risk is calculated for different objects, both for the objects themselves (e.g. buildings) and for
their occupants. Although the risk calculation is different for the different object types, some
principles are used for all risk calculations. For example, for a single object, risk is calculated for
each scenario (i.e. for each intensity map). Therefore, the final risk is the sum of the partial risk

calculated for each scenario:

Rit = Y R, (3.1)
J

With R; the risk for scenario j (e.g. for the scenario 30 years). For this sum to be correct, the
scenarios should not contain other scenarios. Indeed, if the scenario 30 years is defined as the
intensity that is reached or overpassed on average once in 30 years, then the 100 years scenario is
included in the 30 years scenario. To illustrate this, an example that could correspond to rockfalls
is presented in Fig. 3.1, where the volume of random events is calculated using a Pareto inverse

cumulative distribution function:
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(3.2)

1 event in 300 years withV > 70.6 m?

3 events in 300 years with V > 16.3 m®

[
o 10 events in 300 years with V > 1.64 m>e °

0.1 o ° ! ') Y .

Volume

0.01

0.001

0.0001

0.00001
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Figure 3.1: Simulation of rockfall volumes over 300 years using a value of 0.45 for parameter b
of the power law. The simulations are computed using a Pareto inverse cumulative distribution
function with threshold z,, = 107° m?. The scenario 300 years is defined here as the volume
that is reached once in a 300 years period (the scenario is defined on the raw data and, therefore,
don’t correspond precisely to the theoretical one). Similarly, the scenario 100 years is defined as
the volume that is reached or overpassed on average once every 100 years, or 3 times every 300
years. As a result, the scenario 300 years is included in the scenario 100 years.

Where w is a random variable uniformly distributed between 0 and 1 and b the shape parameter
of the distribution and corresponds to the parameter b of the power law (Fig. 1.10). zy, is the
minimum value of the distribution, since the power law needs to be truncated to allow a sampling

process. The number of events Neyents to create to represent Nyears is given by:

Nevents = Nyears X a X xl;lll)n (3.3)

Where a is a scale parameter and corresponds to the parameter a of the power law (Fig. 1.10).
Figure 3.1 shows that the event used for the 300 years scenario is also included in the 100 years
scenario and so on. Therefore, the frequency of the next scenario (if there is one) has to be

removed:
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34

, fj_fj+1 for j < Jmaa
fj:

fj fOI’j = jmax

This implies that the frequency of the 30 years scenario, which would individually be 1/30,
becomes:

1 1

1
do = f30 — flo0 = == — —— = —— (.02 ,
fs0=fs0 = froo = 35 = 150 = T3ag = 002333 (3.5)

This implies that an event with a return period between 30 and 100 years occurs on average
every 42.86 years.

Finally, since in the Swiss hazard mapping procedure, the frequency is defined at the source
and does not vary spatially on the intensity maps, the spatial occurrence probability parameter
Ps accounts for the fact that the area or the length actually affected in case of an event might be
smaller than the area or the length defined in the intensity map (see Sect. 4.2.2 for further details).

It is then defined as the proportion of the area (or length) that is actually affected.

S
S—E for punctual/areal objects
Ps = le (3.6)
ZE ' for linear objects
Ln

With Sg the expected affected surface in case of an event, Sy the surface affected in the
intensity map, Wg the width of an event on a linear object (i.e. the expected affected length) and
Ly the length affected in the intensity map.

When it comes to the risk before and after implementing the measure, they are calculated the
same way, using the respective intensity maps. The economic efficiency of the measure is reached
if the risk reduction, that is the difference between the risk before and the risk after measures, the

"benefit", is greater than the annual cost of the measure, the "cost".

Punctual objects

The risk for static objects considered as punctual such as building is given by:

Rj = f]/ X PS X V;'J X Ez (37)

where V; ; is the vulnerability of the object 7 in scenario j and Ej is the value of the object <.



Section 3.2: Formulas 81

The collective monetised risk for people in punctual objects is obtained from:

Rj = f} x Ps x Pgp x Aijj x N; x 5 x 10°[CHF] (3.8)

where Pgr is the temporal spatial probability of the humans to be inside the object (i.e. the
fraction of the time that they spend in this building, also known as exposure), A; ; is the lethality
of the process for the humans in object ¢ considering the scenario j and [V; is the total number of
persons that might be in the object. A value of 5 million CHF is used to monetise a human life.
In addition to the collective risk, which is used for the cost-benefit analysis, the individual
risk is calculated in order to check that no individual is subject to an unacceptable risk. It is

calculated as follows:
Rj = f]/ X PS X PST X )\i,j (39)

Linear objects

For linear objects such as roads, the damage to the road is considered, as well as the risk for the
vehicle passengers. Risk for the road is very similar to the risk for punctual object, except that

linear objects might be affected by different intensities of the process:

Rj:f]{xpsx‘/%,j X (ll+lm+lh)Z7JXEz (310)

Therefore, the value is calculated by multiplying the length affected by the different intensities
(low: [;, medium: [,,, and high: [;) by a unit value F; expressed in CHF/m. The vulnerability of
the road needs to be adjusted to the different intensities and is simply a mean intensity weighted
by the respective lengths:

(Vi x ) 4+ (Vi X b)) + (Vi x 1)

Vii= 3.11
K (ll+lm+lh) ( )

The risk for the vehicle occupants is given by:

Rj = fj x Pgr x N x X\ x 10°[CHF] (3.12)

Where Pgr is the temporal spatial probability of a vehicle being affected by the event. It is
further discussed in Chapt. 4. It is obtained by:

P — Jv x (Wg + Ly)
5T =
24000 x vy

(3.13)

where fy is the average number of vehicles per day, vy is the mean vehicle velocity, Wg
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is the width of the event on the road and Ly is the average length of the vehicles. 24 000 is a
correction factor that allows to express vy in km/h and fv in vehicles per day. A is the weighted
average lethality and is given by:

(/\l X ll) + ()\m X lm) + ()\h X lh>

i = 3.14
7 (I 4l + 1) (3.14)

The number of persons affected by the scenario is the lowest value from (i) the total number
of persons in the vehicle and (ii) the number of persons in the length of the vehicle affected by
the event plus a 4 m buffer. This correction avoids considering that all the passengers of a train

are affected by an event and is further discussed in Chapt. 4:

Nl (W + 4)

affected
NE i

, Nietal (3.15)

= min

The individual risk is calculated in a comparable manner, considering a number of passages z

for the temporal spatial probability:

Rj = fi x Pst x A (3.16)
z x (Wg +4)

_ BT 3.17

ST 724000 x vy G.17)

The default z value is 4 (2 round-trips), but the parameter can be modified.

3.2.2 Cost of the measures

To be compared to the reduction of the risk, which is expressed in CHF/y, the cost of the measures
has to be annualised. The cost generally depends mostly on the initial investment (/) and the life
expectancy of the measure (n), but other costs might be important as well. These costs are related
to the exploitation (K3), the maintenance (K ) or the reparation (K,.). In addition, an interest
rate ¢ is considered since the money invested for the measure is not invested for something else,

that might have fructified. The annual cost is then:
Kiop = Ky + Ko+ Ky 4+ I x ———— (3.18)

1—-(1+8)™"

Depending on the calculation, one can also consider that after n years, the measure still has
a remaining value. This is not possible in the formula presented above, but Valdorisk uses the
function "PMT" of excel, that allows for this possibility (Microsoft, 2016). This function is

designed to calculate the amount of constant periodic payments that needs to be made in order to
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reimburse a debt subject to a constant interest rate in a defined period of time.

3.3 Architecture

Valdorisk consists of an excel workbook with several worksheets. The different worksheets are
listed in table 3.1. In addition to the worksheets, a VBA project contains scripts accessible from
individual sheets or from the whole workbook!. Some scripts are triggered by specific actions
such as when a sheet is activated.

In addition to the sheets themselves, a number of forms are accessible and facilitate the
data collection (an example is given in Fig. 3.2). The general work-flow followed by a user is
presented in Fig. 3.3. The user first enters the basic parameters of the projects (name, date, ...)
and selects the types(s) of processes for which he or she does the analysis. The workbook is

designed to study the following phenomenon:
e Snow avalanches
e Rockfalls
e Deep-seated landslides with continuous movement
o Deep-seated landslides with episodic movement
e Debris-flows
e Static flood
e Dynamic flood

e Rock avalanches

The category "Deep-seated landslides with continuous movement" does not exist in EconoMe,
where risk is calculated for this type of hazard using the usual 3 return periods. However, the
intensity maps are not available for the 3 return periods for deep-seated landslides since the
one column matrix presented in Fig. 1.17 (p. 42) is used. Therefore, this new category allows
calculating a small damage occurring every year, or a damage occurring after some years of
continuous movement. The limitation of this category is that the corresponding vulnerabilities
are not known. Therefore, it should only be used with a greater care. Then, once the phenomena

are selected, a sheet with the intensities and a sheet with the risk is created for each phenomena.

'the workbook is accessible on the website of the Cantonal administration (http://www.vd.ch/themes/
environnement/forets/informations-techniques/subventions/prevention-dangers-naturels/valdorisk/) and the scripts are
accessible on a Bitbucket repository (https://bitbucket.org/pnicolet/valdorisk)


http://www.vd.ch/themes/environnement/forets/informations-techniques/subventions/prevention-dangers-naturels/valdorisk/
http://www.vd.ch/themes/environnement/forets/informations-techniques/subventions/prevention-dangers-naturels/valdorisk/
https://bitbucket.org/pnicolet/valdorisk
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Properties of object 1 H
Category of object — Vulnerability and letality parameters
| Batiments ﬂ ' Automatic " Manual

Type of object Phencmenon CPB iJ_’_|
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(+ Manual Exposure 1 :
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Figure 3.2: Form designed to facilitate the collection of objects information. In this example, the
form permits to enter the properties of an object such as its category and type, its value (calculated
automatically from predefined values or entered manually), the number and exposure of humans,
the vulnerability parameters (for each phenomenon if several are defined) and the road or railway
specific parameters.

In the same sheet, the user can select the number and type of measures. The possible measures
are similar to the ones in available in EconoMe, with the exception of two new types. The first
one is the object-based measure. The idea behind this measure type is that it is not the intensity
for a given return period that is reduced, but the vulnerability of the object. If this measure is used,
the operator does not input the intensity after measure in the intensity sheet, but the vulnerability
of the object after the measures. The other new category is the maintenance of a protection forest.
The idea behind this is to calculate the cost-benefit of an already existing measure, which has no
investment cost, but only annual maintenance costs. The use of these new categories is however

not trivial since no default value exists.
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Table 3.1: Worksheets available in Valdorisk workbook. Intensities and risk sheets are copied
from the templates for each process selected by the user. These copies are then visible and editable.
1+ and 2+ means that the sheets are visible as soon as one process or more or, respectively, two
processes or more are selected. Finally, no data can be entered or modified by the user in the
graphs and summary sheets, but some options can be selected.

Name

Visible

Editable

Content

Home

Objects

Measures

XX _intensities

XX _risk

Risk total

Graphs

Summary

Vulnerability

Measures costs

PrA

Yes

Yes

Yes?

YesP

Yes®

Yes®

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

(No)

(No)

No

No

No

Basic information such as the name of the project and
the date, but also the selection of the type of processes
(snow avalanches, rockfalls, . ..) and the number and
type of protection measures.

Information on the studied objects (houses, roads, ...)
such as the value, the human exposure and the vulne-
rability and lethality for each intensity (low, medium
and high) of the studied processes.

Basic information on the protection measures (price,
life expectancy, . ..)

Template copied for each selected type of process con-
taining the intensities for each object in each scenario

Template copied for each selected type of process
containing the risk for each object in each scenario (as
well as the aggregated risks)

Sum of the risk for all processes (if more than one is
selected)

Different graphs to summarise the risk (some options
on the graph types are available in drop-down lists)

Printer-friendly summary of all the information. The
summary is created automatically, but old versions can
be kept as comparison. A logo can be added to the
report

Default values of vulnerability for each object type
and each process type. These values are retrieved from
EconoMe

Default values for the annual costs of the measures
(that are proportional to the investment cost)

Default values of spatial occurrence probability

If one or more protection measures are selected

®Tf 2 or more hazard types are selected

If 1 or more hazard type is selected
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Figure 3.3: Flow chart of the general procedure used to assess the risk with Valdorisk including
both the processes done by the user (dark blue) and the automatic procedures (light blue). The
navigation between the different sheets generally follows the order indicated in the green rounds.
Many procedures are triggered by an event such as entering or leaving a page. The graphs and the
report aggregate data from many sheets. Therefore, the arrows have not been drawn to simplify
the reading.
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3.4 Example

To illustrate the use of this tool, an example is given hereafter. This example will be used through
the following chapters, to illustrate the inclusion of uncertainty in the risk analysis (Chapt. 5) and
to discuss the symbology of the hazard maps after measures are taken (Chapt. 6).

The village of Chardonne, in the Canton of Vaud, is located on the slope of the Mont Pélerin.
Conglomerates and sandstones blocks from the Lower Freshwater Molasse sometimes detach
from the rock slopes and fall on or close to infrastructures. This happened in 2007, when 3 blocks
of 0.5 m? felt in a garden in the area "en Courlaz" (Joliquin et al., 2010). After this event, a project
of protection measures has been planned. To assess the efficiency of the measure, intensity and
hazard maps have been established both without measures (Fig. 3.4-3.7) and with the expected
effect of the planned protection measures (Fig. 3.8). Without protection measure, 4 scenarios have
been established with return periods of 5, 30, 100 and 300 years. With the protection measure,
Joliquin et al. (2010) expect that rockfall will occur only in the 300 years scenario. Then, a risk
analysis has been made manually by using largely the principles of EconoMe (Winkler, 2010).

The risk analysis is reproduced with Valdorisk for the buildings only. Indeed, the risk analysis
presented in (Winkler, 2010) considers also the risk to the roads and to the land parcels, but the
number of objects (108) is too important for Valdorisk, which is limited to 50 objects for technical
reasons. The buildings are positioned on Fig. 3.4 to 3.8 with the number of the land unit as label
(several buildings can have the same number) and the intensity as symbol colour. Three types
of buildings are present here: buildings with one housing unit ("individual houses"), buildings
with several housing units ("multi-housing building") and garages. Each type of building has its
individual predefined vulnerability for rockfalls for each intensity (table 3.2). (Winkler, 2010)
also obtained the value of each building and the number of inhabitants from the municipality. The
number of inhabitants (/V;) is used here, but since the values of the buildings are confidential,
the default values presented in EconoMe are used here. The cost of multi-housing buildings is
estimated considering two housing units. When it comes to the temporal spatial probability of the
inhabitants, a value of one is considered, which corresponds to what Winkler (2010) used in the
calculations. The parameters of each building, as well as the monetised risks are presented in

tables 3.3 (before measures) and 3.4 (after measures).
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Figure 3.4: Intensity map for the 5 years scenario without protection measure (modified from:
Joliquin et al., 2010; Winkler, 2010)
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Figure 3.5: Intensity map for the 30 years scenario without protection measure (modified from:
Joliquin et al., 2010; Winkler, 2010)
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Figure 3.6: Intensity map for the 100 years scenario without protection measure (modified from:
Joliquin et al., 2010; Winkler, 2010)
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Figure 3.7: Intensity map for the 300 years scenario without protection measure (modified from:
Joliquin et al., 2010; Winkler, 2010)
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Figure 3.8: Intensity map for the 300 years scenario after the construction of protection measures
(modified from: Joliquin et al., 2010; Winkler, 2010)

Table 3.2: parameters used for the vulnerability and the lethality. The values are extracted from
EconoMe 3.0 (BAFU, 2016b)

Vulnerability (V; ;) Letality (); ;)
Intensity Low Medium High Low  Medium High
Individual house 0.03 0.3 0.6 | 0.00003 0.003 0.18

Multi-housing building | 0.01 0.1 0.2 | 0.00001 0.0002 0.02
Garage 0.03 0.5 0.9 | 0.0003 0.05 0.54




Table 3.3: Parameters of the buildings and monetised risk before the construction of measures

Material Human
Object type Plot of land E; N; Psr T5 T30 T100 T300 Total T5 T30 T100 T300 Total Total
Individual house 2294 650°000 2 1| 3°250.00 455.00 104.00 65.00 3°874.00 | 15°000.00  2°100.00 480.00 300.00 17°880.00 | 21°754.00
Individual house 2316 650’000 2 1| 3°250.00 455.00 104.00 65.00  3°874.00 | 15°000.00  27100.00 480.00 300.00  17°880.00 | 21°754.00
Individual house 2390 650’000 2 1 - 455.00 104.00 65.00 624.00 - 2’100.00 480.00 300.00 2°880.00 3°504.00
Multi-housing building 2392 1°100°000 2 1 - 256.67 58.67 36.67 352.00 - 233.33 53.33 33.33 320.00 672.00
Multi-housing building 2393 1°100°000 12 1 916.67 256.67 58.67 36.67  1°268.67 100.00  1°400.00 320.00 200.00 2°020.00 3°288.67
Multi-housing building 2411 1°100°000 4 1 916.67 256.67 58.67 36.67 1°268.67 33.33 466.67 106.67 66.67 673.33 1°942.00
Garage 2413 60°000 0 0 15.00 2.10 8.00 5.00 30.10 - - - - - 30.10
Individual house 2414 6507000 1 1 - 455.00 104.00 65.00 624.00 - 1°050.00 240.00 150.00 1°440.00 2°064.00
Garage 2414 60’000 0 0 - 63.00 14.40 9.00 86.40 - - - - - 86.40
Individual house 2415 650’000 1 1 1°625.00 455.00 104.00 65.00  2°249.00 125.00  1°050.00 240.00 150.00 1°565.00 3°814.00
Individual house 2418 650°000 4 1 1°625.00 455.00 104.00 65.00  2°249.00 500.00  4°200.00 960.00 600.00 6°260.00 8°509.00
Garage 2418 60’000 0 0 250.00 63.00 14.40 9.00 336.40 - - - - - 336.40
Individual house 2419 6507000 1 1 1°625.00 227.50 52.00 3250  17937.00 125.00 17.50 4.00 2.50 149.00 2°086.00
Garage 2419 60°000 0 0 250.00 35.00 8.00 5.00 298.00 - - - - - 298.00
Individual house 2421 650°000 3 1 1°625.00 455.00 104.00 65.00  2°249.00 375.00  3°150.00 720.00 450.00 4695.00 6°944.00
Individual house 2423 650’000 5 1 17625.00 455.00 104.00 65.00  2°249.00 625.00  5°250.00  1°200.00 750.00 7°825.00 | 10°074.00
Individual house 2425-2426 650’000 0 1 17625.00 455.00 104.00 65.00  2°249.00 - - - - - 2°249.00
Individual house 2427 650’000 3 1 162.50 455.00 104.00 65.00 786.50 375  3°150.00 720.00 450.00 4°323.75 5°110.25
Individual house 2484 650°000 5 1 162.50 455.00 104.00 65.00 786.50 6.25  5’250.00  1°200.00 750.00 7°206.25 7°992.75
Individual house 3408 650°000 2 1 17625.00 455.00 104.00 65.00  2°249.00 250.00  2°100.00 480.00 300.00 3°130.00 5°379.00
Individual house 3424 650°000 0 1 - 227.50 52.00 65.00 344.50 - - - - - 344.50
Garage 3424 60°000 0 0 - 35.00 8.00 9.00 52.00 - - - - - 52.00
Individual house 3474 650°000 2 1 - 455.00 104.00 65.00 624.00 - 2°100.00 480.00 300.00 2°880.00 3°504.00
Individual house 3482 650°000 2 1| 3°250.00 455.00 104.00 65.00 3°874.00 | 15°000.00  2°100.00 480.00 300.00 17°880.00 | 21°754.00
Individual house 3514 650’000 2 1 1°625.00 455.00 104.00 65.00  2°249.00 250.00  2°100.00 480.00 300.00 3°130.00 5°379.00
Individual house 3572 650’000 5 1 3°250.00 455.00 104.00 65.00 3’874.00 | 37°500.00  5°250.00  1°200.00 750.00  44°700.00 | 48°574.00
Individual house 3599 650°000 2 1 3°250.00 455.00 104.00 65.00 3°874.00 | 15°000.00  2°100.00 480.00 300.00 17°880.00 | 21°754.00
Individual house 3610 650°000 2 1| 3°250.00 455.00 104.00 65.00 3°874.00 | 15°000.00  2°100.00 480.00 300.00 17°880.00 | 21°754.00
Garage 3618 60’000 0 0 - 63.00 14.40 9.00 86.40 - - - - - 86.40
Individual house 3619 650°000 4 1 - 455.00 104.00 65.00 624.00 - 4°200.00 960.00 600.00 5°760.00 6°384.00
Individual house 3620 650°000 2 1| 3°250.00 455.00 104.00 65.00 3°874.00 | 15°000.00  2°100.00 480.00 300.00 17°880.00 | 21°754.00
Individual house 3824 650’000 4 1 - 227.50 52.00 32.50 312.00 - 70.00 16.00 10.00 96.00 408.00
Individual house 3825 650’000 3 1 - 227.50 52.00 32.50 312.00 - 52.50 12.00 7.50 72.00 384.00
Total 38°423.33 11’041.10 2’531.20 1°618.50 53°614.13 | 129°893.33 55°790.00 12°752.00 7°970.00 206’405.33 | 260°019.47

ordwexy '€ UONOAS

16



Table 3.4: Parameters of the buildings and monetised risk after the construction of measures

Material Human
Object type Plot of land E; N; Pgp |T5 T30 TI100 T300 Total | TS T30 TI100 T300 Total | Total
Individual house 2294 650°000 2 1 - - - 325 325 - - - 005 005 330
Individual house 2316 650°000 2 1 - - - 325 325 - - - 005 005 330
Individual house 2390 650000 2 1 - - - 325 325 - - - 005 0.05] 330
Multi-housing building 2392 1°100°000 2 1 - - - 183 1.83 - - - 002 002 185
Multi-housing building 2393 1°100°000 12 1 - - - 183 183 - - - 010 0.10 | 1.93
Multi-housing building 2411 1°100°000 4 1 - - - 183 183 - - - 003 003 1.87
Garage 2413 60°000 0 0 - - - 030 030 - - - - - 030
Individual house 2414 650’000 1 1 - - - 325 325 - - - 003 003 328
Garage 2414 60°000 0 0 - - - 030 030 - - - - -| 030
Individual house 2415 650’000 1 1 - - - 325 325 - - - 003 003 328
Individual house 2418 650’000 4 1 - - - 325 325 - - - 010 0.10 | 3.35
Garage 2418 60’000 0 0 - - - 030 030 - - - - - 030
Individual house 2419 650’000 1 1 - - - 325 325 - - - 003 003 328
Garage 2419 60’000 0 0 - - - 030 030 - - - - - 030
Individual house 2421 650’000 3 1 - - - 325 325 - - - 008 008 333
Individual house 2423 650°000 5 1 - - - 325 325 - - - 013 013 | 338
Individual house 2425-2426 650°000 0 1 - - - 325 325 - - - - - 325
Individual house 2427 650°000 3 1 - - - 325 325 - - - 0.08 008 3.33
Individual house 2484 650’000 5 1 - - - 325 325 - - - 013 013 | 338
Individual house 3408 650’000 2 1 - - - 325 325 - - - 005 005 330
Individual house 3424 650’000 0 1 - - - 325 325 - - - - - 325
Garage 3424 60’000 0 0 - - - 030 030 - - - - - 030
Individual house 3474 650°000 2 1 - - - 325 325 - - - 005 005 330
Individual house 3482 650°000 2 1 - - - 325 325 - - - 005 005 330
Individual house 3514 650°000 2 1 - - - 325 325 - - - 005 005 330
Individual house 3572 650°000 5 1 - - - 325 325 - - - 013 0.13| 338
Individual house 3599 650000 2 1 - - - 325 325 - - - 0.05 0.05] 330
Individual house 3610 650’000 2 1 - - - 325 325 - - - 005 005 330
Garage 3618 60°000 0 0 - - - 030 030 - - - - -1 030
Individual house 3619 650°000 4 1 - - - 325 325 - - - 010 0.10 | 3.35
Individual house 3620 650°000 2 1 - - - 325 325 - - - 005 005 330
Individual house 3824 650°000 4 1 - - - 325 325 - - - 010 0.10| 3.35
Individual house 3825 650°000 3 1 - - - 325 325 - - - 008 008 3.33
Total - - - 8530 85.30 - - - 1.63 1.63 | 86.93
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The results are presented in Valdorisk in a risk worksheet (from where the data of tables 3.3
and 3.4 have been extracted) as well as in the Graphs and Summary worksheets. The graph
worksheet contains a dynamic graph presenting the risk for each object (Fig. 3.9), a static graph
comparing the total costs with and without protection measures (Fig. 3.10) and, if several types
of processes are studied, a pie presenting the contribution of each type of process to the total
risk. The summary worksheet presents all the values in a standardised manner. The values that
do not correspond to the default values are highlighted. The global summary that is presented
at the beginning of the report is presented in Fig. 3.11. In this example, since high intensities
are reached already in the 5-years scenario before the measures, this scenario produces the main
contribution to the total risk. The 30-years scenario also produces a significant contribution since
higher intensities are reached in some places as compared to the 5-years scenario. Both the
100-years and 300-years scenarios contribute less to the total risk since they are relatively similar
to the 30-years scenario in terms of intensity, but with a much lower frequency. When it comes to
the risk after measures, since it results only from low intensities in the 300-years scenario, it is
very low. Thus, since the protection measure has a cost of 111 938.13 CHF/year and reduces the
risk from 260 019.47 CHF/year to 86.93 CHF/year, its benefit-cost ratio is 2.32 and the measure

is therefore economical.
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Figure 3.9: Monetise risk before measure (human and material). This graph is an output of
Valdorisk (only the label of the buildings have been changed to display the number of the plot
of land). In Valdorisk, it is possible to select the type of process (if several types of processes
are studied), the type of risk (human monetised, material, ...) as well as the protection measure
(without, with measure 1, ...).
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B Annualised cost of the measures
300'000

m Total risk

250'000 -

200000 -

150'000 -

Total cost [CHF/an

100'000 -

50'000 -

0 -
Without measures With protection measure
(net)

Figure 3.10: Comparison of the total cost without and with protection measures. With protection
measures, the risk is the sum of the annualised cost of the measures and the residual risk
(insignificant in this example). This graph is an output of Valdorisk

3.5 Conclusions

Valdorisk is mostly based on EconoMe, and can thus be seen as a simple copy. However, it is
faster to use and permits to perform rapid tests for example, in order to see if a more detailed
analysis is required (which can also be done with Valdorisk). This goal is now also reached with
the new EconoMe Lite (OFEV, 2015).

In addition, in contrast with EconoMe, Valdorisk allows to modify most of the parameters,
in order to see their potential effect on the risk analysis and test all different possibilities.
Nevertheless, for some parameters such as the vulnerability, the parameters that do not correspond
to the default values will be highlighted in the report and the modification should be justified
by the operator. Indeed, since many parameters are hard to assess, using default values allows
having more coherence between the different risk analyses.

Finally, one of the main advantages of Valdorisk is that it is used by a constrained group of
users and administrators, whereas EconoMe is a central solution used in different regions, with
different administrators. Therefore, it is more complicated to test new approaches in the latter. On
the other hand, Valdorisk incorporates some new options such as the reduction of the vulnerability
and the continuously moving landslides, which might be incorporated in EconoMe when they
will be mature enough. The discussions presented in Chapt. 4 and Chapt. 5 also originated from
the development of Valdorisk, and the calculation of the impact probability of a natural hazard on

a moving vehicle has been modified in EconoMe thanks to these reflections.
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Global summary

Type Rockfall net

Life expectancy of the measure 50
Initial cost (CHF) 2'160'000.00
Annual cost (CHF/year) 111'938.13
Total risk (CHF/year) 260'019.47 86.93
Benefit (CHF/year) - 259'932.54
Benefit/cost ratio 2.32
Individual risk* 1.66E-02 1.25E-07

The total individual risk makes sense only if one person is exposed to the risk in all
objects (for example, in a neighbourhood, a same person will not be exposed in all
buildings, but for connected roads, one person can drive on all sections each

day)

Figure 3.11: Extract of the automatic report generated in Valdorisk. After this global summary,
Valdorisk presents the parameters for each object, as well as the risk without and with measures.
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Chapter 4

Direct impact of hazard on moving
vehicles

Foreword

This chapter has been published as:

Nicolet, P., Jaboyedoff, M., Cloutier, C., Crosta, G. B., and Lévy, S.: Brief communi-
cation: On direct impact probability of landslides on vehicles, Nat Hazard Earth Sys,
16, 995-1004, doi:10.5194/nhess-16-995-2016, 2016.

Abstract

When calculating the risk of railway or road users of being killed by a natural hazard, one has
to calculate a temporal spatial probability, i.e. the probability of a vehicle being in the path of
the falling mass when the mass falls, or the expected number of affected vehicles in case of such
an event. To calculate this, different methods are used in the literature, and, most of the time,
they consider only the dimensions of the falling mass or the dimensions of the vehicles. Some
authors do however consider both dimensions at the same time, and the use of their approach is

recommended. Finally, a method considering an impact on the front of the vehicle is discussed.

4.1 Introduction

Natural hazards impacting on transportation corridors can cause traffic disruption, with direct
and indirect economic consequences, and affect the users by direct impact on vehicles (hereafter

refereed to as direct impact) or by impact of the user with deposited material.
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When the indirect consequences (e.g. economical cost of the road closure) are taken into
account, they generally largely outweigh the direct consequences. However, indirect consequences
have no influence on the individual risk, which is often used as an acceptability criterion (e.g.
Ho and Ko, 2009). Therefore, the impact of vehicles with falling or deposited material is worth
attention. On the other hand, according to Pantelidis (2011), direct impact of a landslide on
a moving vehicle is by far less likely than the impact of a vehicle with the landslide material
deposited on the road. Nevertheless, using an inappropriate formulation to calculate the direct
impact probability might still have a noticeable effect on the total risk assessment.

This paper reviews the approaches used to calculate the direct impact probability given that
an event occurs. This is usually called temporal spatial probability (e.g. Fell et al., 2005, 2008a;
Ferlisi et al., 2012; Corominas and Mavrouli, 2013), although, depending on the hypothesis and
formulation, it is expressed as an expected number of vehicles rather than a formal probability. It
has to be mentioned that some methods also consider traffic jam situations, or account for the
possibility of a warning system or for the driver to see the event in advance and to respond by
braking. These situations are however beyond the scope of this article, where we concentrate on
the category named “impact of a falling rock on a moving vehicle” by Bunce et al. (1997), keeping
in mind that the calculation applies also to other falling or flowing material such as for debris flow
or snow avalanches. For this review, the approaches are divided into three categories, namely,
neglecting the event dimension (Sect. 4.2.1), neglecting the vehicle dimension (Sect. 4.2.2) and,

finally, taking both dimensions into account (Sect. 4.2.3).

4.2 Temporal spatial probability of moving vehicles

4.2.1 Approaches neglecting the events dimension

Most of the quantitative risk analyses for moving vehicles published in the literature concern
rockfalls. To calculate the probability of a falling block hitting a car or a train, Eq. (4.1) is
generally used (e.g. Bunce et al., 1997; Fell et al., 2005; Ferlisi et al., 2012; Mignelli et al., 2012;
Corominas and Mavrouli, 2013; Wang et al., 2014; Macciotta et al., 2015):

L
Por = DXV, @1

vv
where (correspondence of the variables names used in this paper with those adopted in some of

the cited works can be found in Appendix 4.4)

e Pt is the temporal spatial probability of a vehicle being in the path of the rock when it

falls, neglecting the rock dimensions and considering a single lane with no vehicle overlap;
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e fy is the traffic density expressed in number of vehicles per time unit (e.g. average annual

daily traffic, with proper unit conversion);
o [+ is the length of the vehicle;
e vy is the mean vehicle velocity.

The aim of this equation is to calculate, as the block falls, the probability of a car being
present at the instantaneous position of the block’s centre of mass. The simplification of using the
geometric centre of the block is valid only for Ly significantly larger than the size of the falling
block, which is usually the case for trains, but might become an oversimplification for cars. In
this case, Pst is formally a probability, since a value of 1 would mean that cars move bumper to
bumper.

The approach proposed by Peila and Guardini (2008) and used by Budetta et al. (2015) falls
in the same category, although it takes into account the length of the hazard zone and the vehicle
length. However, if we multiply their spatial probability by their temporal probability and by the
vehicle frequency, we obtain

T T = Y,

4.2
Ly vy vy (4.2)

where Ly is the length of road included in the hazard zone. The simplification is then similar to
Eq. (4.1). It has to be noted that Peila and Guardini (2008) use a binomial distribution to calculate
the probability of one or more impacts, using the rockfall frequency as the number of experiments,
and the spatial probability as the probability of success. We neglected this transformation here in
order to keep the rockfall frequency out of the calculation, but the general idea is the same. This
method is modified from Crosta et al. (2001).

4.2.2 Approaches neglecting the vehicle dimension

In the following, we present two examples of methods neglecting the vehicle dimension: one is

applied in Switzerland and the other is known as the average vehicle risk method.

Approach used in Switzerland

Risk analysis in Switzerland has been standardised by the requirement for the regional authorities
to produce hazard maps (Raetzo et al., 2002), and by the attribution of subsidies for protective
measures based on standardised cost-benefit analyses using intensity maps prepared during the
procedure of hazard mapping (Briindl et al., 2009). Systematic risk assessment is also performed
for highways (Dorren et al., 2009) and for railways (Briindl et al., 2012).
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(event)
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Figure 4.1: Calculation of the spatial occurrence probability (Fs) as used in the Swiss methodo-
logy. This probability corresponds to the proportion defined in the hazard map which is actually
affected in the case of an event (left panel), or to the proportion of the length which is affected
(modified from Briindl et al., 2015).

The procedure used to design hazard maps consists in establishing scenarios for three different
return periods, namely 30, 100 and 300 years. The return period is defined for the source area,
and intensity maps are built for each scenario, in order to identify the spatial distribution of the
potential intensities. The conditional probability of the source material reaching any downslope
location is considered only in a Boolean way, which means that the entire endangered area is
considered as having the same probability of being affected. The three intensity maps are then
combined to build the hazard, keeping the highest hazard level obtained by plotting the intensity—
frequency combinations in a matrix. This last step is performed for land-use planning, but when
it comes to risk analysis, intensity maps are used. Since intensity maps are characterised by the
return period of the source and the total extension of the endangered area (generally considered as
being equiprobable, which simplifies the calculation), the concept of spatial occurrence probability
is introduced. This parameter aims to calculate the proportion of the area defined in the intensity
map (or of the length if the object at risk is linear), which is actually affected in the case of an

event (Fig. 4.1), or, roughly, the probability of a given location being affected in the scenario.

Risk is then calculated for each scenario — before being summed to obtain the total risk —

using the following formula (modified from Briindl et al., 2009):
R = f x Ps x P§p x Np x A, 4.3)

where f is the frequency of the scenario; Ps is the spatial occurrence probability, which is defined
in Eq. (4.4); Pgy is the temporal spatial term, i.e. the number of expected cars in the portion of
the road included in the hazard map (of length Ly1), and is defined in Eq. (4.5); Np is the mean
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number of persons per vehicle and ) is their vulnerability.

The spatial occurrence probability of the event is then

Po = 2
ST T

4.4)
with Wg being the actual width of the event on the road (i.e. the length of the road actually
affected by the event) and Ly the length of the road included in the intensity map (i.e. the hazard
zone, Fig. 4.1). The temporal spatial term is given by

P =1 (4.5)

Multiplying Eq. (4.5) by (4.4), we can rewrite the temporal spatial term as follows:

fv x Wg

PST = PékT X Ps =
vv

(4.6)

which represents the probability of the geometric centre of a moving vehicle being located
in the section covered by the event (Wg). This approach is then valid only for W much larger
than Lv. However, this is often not the case since rockfalls (with small Wg) are often a problem
along roads or railways. Few technical papers in the literature use this approach (e.g. Dorren
et al., 2009; Voumard et al., 2013, as a comparison with the risk that they calculate using a traffic
simulator), but it is commonly used in practice. Zischg et al. (2005) use this formulation for
snow avalanches impacting cars, which, in this case, is an acceptable simplification since W is

generally large for snow avalanches.

With this approach, P31 and Pst are formally not probabilities, since several cars can be in

the affected section simultaneously. It is indeed the expected number of affected cars.

The average vehicle risk method

A similar approach, neglecting the dimension of the vehicle, is the average vehicle risk (AVR)
method used in the Rockfall Hazard Rating System (RHRS) (Pierson and Van Vickle, 1993;
Budetta, 2002, 2004; Pierson, 2012). Although the RHRS is not intended to quantitatively assess
the risk, the AVR criterion corresponds to a temporal spatial probability and is calculated as

follows:

fv x Ly
(AV4 ’

Psp = 4.7
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where Pgr corresponds to the variable AVR of the original methodology, except that it is not
expressed here in percent. This method uses Ly, which is the length of the hazard section (slope
length in the original methodology), and neglects both the the vehicle dimension (Ly) and the
event dimension (Wg). In this formulation, Pyt often takes a value above 1, meaning that on
average, more than one car is expected in the studied section.

Although this method is mostly used as an index rather than as a quantity, its use might lead to
inexact results. Indeed, in Pierson and Van Vickle (1993) and Budetta (2004), the rating includes
a frequency, which, for similar susceptibilities, is dependent on the considered slope length. At
the same time, Pgt also reflects the slope length, which means that this parameter is considered
twice in the classification. On the other hand, Ferlisi et al. (2012) modified the RHRS by using
a frequency normalised to a unit slope length, which means that the section length is reflected

only in Ps7, which is then coherent.

4.2.3 Approaches using both dimensions
Methods considering an impact on the side of the vehicle

Few authors in the literature use both event size and vehicle length for a more complete risk
assessment. Hantz (2011) uses a risk calculation, where the block size varies according to a power
law, and the target dimension is set to 0.5 m, corresponding to a hiker’s “length”. Michoud
et al. (2012a) also use the dimensions of the cars (4 m) and of the falling rocks. Borter (1999),
in the original Swiss risk methodology, takes into account both the dimension of the falling
mass and the length of the vehicle when estimating the risk for a train. This approach has been
integrated recently in the official risk calculator EconoMe for trains traffic (Briindl et al., 2015),
but the approach presented in Sect. 4.2.2 is still used for road traffic. This approach has also
been presented by Hazzard (1998, p. 185). In these studies, the temporal spatial probability is
calculated as follows:
_ v x(We+ Lv)

Pst . (4.8)
vy

The reason for the addition of Wy, and Ly is illustrated in Fig. 4.2. Pg is then independent
of the length of the hazard area Ly;. It has to be mentioned that this equation will give inexact
results in the case of a multiple path event, as the one presented in Fig. 4.1. Indeed, to be exact,
the vehicle length should be added to the width of every path, which is not the case if the total
width of the event is used. Cloutier (2014) also uses the two dimensions, but the equation differs
by considering, in addition, the braking time and the time since the last clearance (to account for

the impact of deposited material), which is beyond the scope of this review.
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w L
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Figure 4.2: Temporal spatial probability considering both vehicle and event size. Every vehicle
located between the left and the right position will be affected by the rockfall, which means that
the temporal spatial probability will depend on the time needed to travel the distance Wg + Ly,
as denoted in Eq. (4.8). Another way to see this is that a block will affect a car if its centre falls
closer to (1/2)Wg in front or behind the car.

In addition, Borter (1999) proposes calculating the number of affected people on a train using

the length of the event and the total number of passengers on the train (Nf)oml):

total
Ngetal x T

affected __
N3 - I

(4.9)

Ngﬁe“ed then replaces Np in the risk calculation (Eq. 4.3). Indeed, for long vehicles, many
passengers might be located in a section of the vehicle that is not impacted and are therefore not
expected to be affected. The passengers’ “length” could also be added to the event’s width in this
equation, similarly to the addition of the event’s width to the vehicle’s length in Pst (Eq. 4.8) or
to the hiker’s length in Hantz (2011), to account for the fact that a passenger with a geometric
centre close to the path of the falling mass could actually be partly on its path. This is however
a detail with respect to the fact that this last equation does not take the potential derailment of the
train into account (see Cloutier, 2014), which could affect the passengers on a section of the train

longer than the section directly affected by the falling material.

Methods considering an impact on the side and front of the vehicle

The most complete method is probably the one proposed by Roberds (2005), who uses a complex
conditional probability model. The part of the model concerning the direct impact probability

consists in calculating the probability of a falling mass passing between uniformly spaced vehicles,
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I T : )

0 L, L+L,
Figure 4.3: Parameters of the cars (in grey) and the falling mass (in black) used for the calculations
in Roberds’ (2005) method. The origin of the abscissa axis is located at the rear of the front car.

The length of the hazard zone is not indicated in this figure because it does not influence the
calculation.

and taking its complement to 1. The calculation is done as follows:

[Ls — (Li + Wy) 2] — Wy
Ls+ Ly

Psy=1- : (4.10)
where the vehicle V is characterised by a length Ly, a width Wy, and a velocity vy, while the
falling mass is characterised by a length Lg (perpendicular to the vehicle length), a width Wg
and a velocity vg. Lg is the spacing between the vehicles and depends on the traffic density
(Fig. 4.3). With this approach, the possibility for a car to collide frontally with an event occurring
is taken into account (see Appendix 4.4). The limitation of this method consists in considering
that vehicles are uniformly spaced, but the impact probability is actually higher if they are not.
Indeed, since Lg is present in the numerator and in the denominator, and since the numerator
is always smaller than the denominator, a negative change in Lg (denoted A Lg) will result in
a positive change in Pgy (denoted A Pgr) larger, in absolute values, than the A Py resulting
from an equivalent positive A Lg. Therefore, on average, Pst with Lg varying around a mean Lg

will be larger than Pg resulting from a constant Lg = Ls.

4.3 Synthetic examples

Two examples of risk calculation using the different methods are given in Tables 4.1 and 4.2,
respectively, for cars and for trains. The risk is calculated only for direct impacts. In the case of

rockfalls affecting cars, the temporal spatial probability using Eq. (4.1), which is widely used in
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the literature, is around 18 % lower than if both dimensions are used (Eq. 4.8) and 43 % lower
than considering an impact on the side and front (Eq. 4.10). Neglecting the size of the vehicle
(Eq. 4.6) gives a Pgr farther from the expected value (obtained with Eq. 4.10). For cars, the
difference in Pgr is directly reflected on the risk estimation.

When it comes to trains, the temporal spatial probability is largely inferior with Eq. (4.6).
However, if Ngﬁccmd is used when needed, the risk estimations are quite similar to the different
methods. We consider that Ngﬁe"ted is needed whenever Ly is taken into account. Indeed, if
Ly is not used (Eq. 4.6), PsT considers the vehicle as being dimensionless. Therefore, Py in
Eq. (4.6) is somehow already the probability of a train user being affected.

4.4 Discussion and conclusions

Although risk resulting from direct impact of the event with a moving vehicle is generally lower
than the risk of a moving vehicle hitting debris deposited on its way, it is not negligible. As
a consequence, neglecting the dimension of the event or the dimension of the vehicle when
calculating the direct impact risk might lead to an inexact result if the neglected dimension is
not significantly lower than the other one. Therefore, we recommend using Eq. (4.8) rather than
Egs. (4.1) and (4.6), in order to avoid significant errors. Although, as shown in Table 4.2, the
difference in risk evaluation for the passengers might be reduced to a reasonable level by using
a suitable method to calculate the number of affected people, an incorrect Pyt could also affect
other consequence scenarios, such as train derailment. Indeed, if Pyt is used to calculate the
probability of a road or railway closure after a vehicle has been hit by a falling mass (disregarding
whether a passenger has been affected or not), then the method used to calculate Pst really
matters (considering that the closure will be longer if a train has to be removed from the track
than if the track only needs to be cleared of fallen material). In addition, the calculation of
Ngffec“’d (Eq. 4.9) highlights the fact that the rest of the risk calculation has to be coherent
with the calculation of Pgt. Indeed, if Pg is the probability of a vehicle being hit by a falling
mass, since some passengers might be in a part of the train that is not affected, then whether
(1) the vulnerability is the conditional probability of a passenger dying if any part of the vehicle is
affected (and might therefore be very low), or (2) the vulnerability is the conditional probability of
a passenger dying if the part of the vehicle where he or she is located is affected, as a consequence,
the number of people Np should be computed with Eq. (4.9).

More in-depth analysis could be performed using the approach presented in Eq. (4.10), which
takes into account the possibility of a frontal impact with a moving vehicle. However, this
approach needs many parameters that are not always easy to assess, and the results are different

if the spacing between the cars is not constant. Moreover, this latter method considers the impact
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Table 4.1: Example of risk calculation for car passengers (direct impact only). Parameters are
shown only when used in the calculation. In addition to the parameters presented in the text, the
risk is calculated using the vulnerability of the car passengers (V') and the hazard frequency (H).

Parameter Dimension Eq. (4.1) Eq. (4.6) Eq. (4.8) Eq. (4.10)
fv (vehiclesday™') 5000 5000 5000 5000

Ly (m) 4.5 - 4.5 4.5

Wy (m) - - - 2

vy (kmh™1) 80 80 80 80

W (m) - 1 1 1

Ly (m) - - - 1

VR (kmh™1) - - - 100

Lg (m) - - - 379.5

Py ) 1.17x1072 2.60x 1073 143 x1072 2.06x 1072
H (yr= b 0.1 0.1 0.1 0.1

1% ) 0.5 0.5 0.5 0.5

Np (persons) 1.76 1.76 1.76 1.76

R (persons yr 1) 1.03x107% 229x107* 126x107% 1.81x1073

Table 4.2: Example of risk calculation for train passengers (direct impact only). Parameters are
shown only when used in the calculation. In addition to the parameters presented in the text, the
risk is calculated using the vulnerability of the car passengers (V') and the hazard frequency (H).

Parameter Dimension Eq. (4.1) Eq. (4.6) Eq. (4.8) Eq. (4.10)
fv (vehicles day_l) 30 30 30 30

Ly (m) 200 - 200 200

Wy (m) - - - 2

vy (kmh™1) 150 150 150 150

We (m) - 1 1 1

Lg (m) - - - 1

VR (kmh™1) - - - 100

Lg (m) - - - 1.20 x 10°
Pyt =) 1.67x1072 833 x107% 1.68x102 1.71 x1073
H (yr= b 0.1 0.1 0.1 0.1

1% ) 0.5 0.5 0.5 0.5

Njptal (persons) 175 175 175 175
Naffected  (persons) 0.9 - 0.9 0.9

R (personsyr—!) 729 x107° 7.29x107° 7.33x107° 7.49x107°
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of a vehicle with a falling mass crossing the road, but, in many situations, the falling mass will
stop on the road or on the railway, causing much higher risk. This is particularly critical for trains
because they have limited chances of avoiding contact if rockfall debris is on the rail track and
if the train operators are not informed of the situation ahead. Indeed, trains have large stopping

distances (particularly freight trains) and cannot manoeuvre to avoid debris.

To conclude, it is important to understand that the present communication only aims at
discussing the spatial interaction of two moving objects, namely the falling mass and the vehicle,
and that other scenarios, such as the impact with deposited material or the economic consequences

of a road or railway closure, should be analysed in addition if applicable.

Appendices

Demonstration of Roberds’ (2005) approach

Consider a mass of debris of length Ly and width Wy falling on a road with a velocity vg
(Fig. 4.3). On the road, vehicles of length Ly, and width Wy, are moving with a velocity vy, and
are separated from each other by a constant distance Lg. The time needed by the falling mass to

completely cross the vehicle’s trajectory is

Wy + L
g vt le 4.11)
VE
During this time, the vehicles will move forward by the distance:
Wy + L
d:vvxt:vva:(WVJrLE)x“l. 4.12)
UR VE

If we consider that the vehicles in Fig. 4.3 are static, the leftmost abscissa where the moving

mass can cross the road equals
1
o = §WE (4.13)

This coordinate equals half of the debris width, since the reference system of the debris is

located at its centre.

With static vehicles, the rightmost abscissa z; would be Lg minus half of the width of the

falling mass, similarly to x¢. However, since the vehicles are moving, the distance travelled by
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the car during the time spent by the falling mass crossing the road (d) needs to be removed.

1
Ir1 = LS —d— §WE (4-14)

= Lg— ((WV + Lg) x ?) — W (4.15)

Therefore, the distance on the abscissa which is available for the block to cross without

affecting a car is

Ar =21 — 29 4.16)
1 1
= Lg — ((Wv + Lg) x UV) — —Wg — =Wg 4.17)
VE 2 2
CAY
=Lgs— ((Wv + Lg) x v) — Wg. (4.18)
E

The probability of the block crossing the road without affecting a car Pg is the proportion of
favourable abscissa Az compared to the total distance Lg + Lv. Therefore, the probability of
the block affecting a car P is the complement of Pgr:

Psp =1— Pgg 4.19)
[Ls — (Li + Wv) 5] - Wy
Ls+ Ly '

=1- (4.20)

Variable names

A table of correspondence of the variable names in the literature is given in Table 4.3.
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Table 4.3: Correspondence of selected variables names used in this paper with the original
methodologies. Pgr is the temporal spatial probability, fv the vehicle frequency, Ly the length
of the vehicles, vy their velocity, Wg the width of the event, Pg the spatial occurrence probability
of the event in the Swiss methodology, Pg is the temporal spatial term of the Swiss methodology
and Ly the length of the hazard zone

Name in this paper

Pst N Ly wy Wg Ps Py Lu
Bunce et al. (1997) P(S:H) Ny Ly W - - - -
Dorren et al. (2009) Nc AHT - Vmax slide width Pso — -
Briindl et al. (2009) - MDT - v - p(s) pet) g
Pierson (1991) AVR ADT - posted speed limit — - - slope length
Borter (1999, p. 76) PPr Fy Ly v g DA — -
Roberds (2005) P4,y AV w W Dw - - -
Peila and Guardini (2008)  P(A)ot” Ny Le W - - - L,

& The correction factors applied to fy are not considered here.
P The original variable considers the number of falling blocks in addition.
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Chapter 5

Addition of multiple risk scenarios
accounting for the uncertainty

Foreword
The part of this chapter dealing with uncertainties has been published as:

Nicolet, P., Jaboyedoff, M., and Lévy, S.: A Simple Method to Include Uncertainties
in Cost-Benefit Analyses, in: Engineering Geology for Society and Territory -
Volume 2, edited by Lollino, G., Giordan, D., Crosta, G. B., Corominas, J., Azzam,
R., Wasowski, J., and Sciarra, N., pp. 17631766, Springer International Publishing,
doi:10.1007/978-3-319-09057-3_312, 2015.

It has been partly modified for this chapter.

5.1 Introduction

When performing a cost-benefit analysis using the Swiss guidelines as described in Chapt. 3,
several issues limit the quality of the results. Firstly, although the method seems to be conservative,
underestimation arises from the method used to sum the scenarios. Indeed, in order to be
conservative in the hazard mapping, the scenario with the highest return period (T) of the class
is generally used, which means that 30, 100 and 300 years scenarios are established. Since
these values are used to calculate the frequency, and not the middle of the class, it results in an
underestimation, as it will be demonstrated in Sect. 5.2.

Secondly, despite an impression of precision and objectivity, this approach suffers from the

large uncertainty affecting most of the risk parameters, as well as potential bias in the expert
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judgement. When it comes to the uncertainties in risk analysis, they come especially from the
lack of reference events (in a lot of places, no inventory exists), changes in the environment or by
the multiple possible consequences of an event. Therefore, there is a need to include probability
distributions in the risk analysis, in order to account for the natural variability of the process (for
example, an event with a given intensity might produce different outcomes with a small change
in the element at risk) and to permit the user to include his uncertainty. The challenge is to have a
procedure as objective as possible, while being simple to use and to communicate. This problem

is discussed in Sect. 5.3.

5.2 Scenarios addition

5.2.1 Introduction

Since, as seen in Chapt. 3, a scenario is defined by the magnitude which is reached or overpassed
with a given frequency, a scenario j include the scenario j 4+ 1 of lower frequency. This is
illustrated in Fig. 3.1 (p. 79), where the 30 years scenario includes the 100 years scenario, and
the 100 years scenario includes the 300 years scenario. Therefore, in order to take into account
each event only once, the frequency of the next scenario needs to be subtracted. As a result,
the frequency obtained by Eq. (3.4) (p. 80) is used for risk analysis. In this equation, fj‘ is the
frequency at which the magnitude of the scenario j is reached or exceeded, while the magnitude
of scenario j + 1 is not reached. The result of this operation is to consider, for the scenario
30 years, only the events which are between the limit of the 30 years scenario and the next
scenario, which is the 100 years scenario in this case. It implies that the return periods used for
hazard mapping in Switzerland become 42.9, 150 and 300 years. The total return period is, as
a consequence, equal to the lowest one, in that case 30 years. When the scenarios are defined,
the procedure seems conservative since the scenario with the highest return period is chosen (e.g.
100 years for the class 100-300 years). However, since this return period is used for the risk
calculation and not, for example, the average of the class, the calculation is not conservative any
longer. On the contrary, the total risk is underestimated since it considers that the consequences
for a return period applies up to the next studied return period. This issue is illustrated hereafter

using a hail hazard analysis.

5.2.2 Method

Although hail is not included in Valdorisk and not subject to protection measures, except object
measures, it is well suited for the example since a continuous function hailstone size vs. return

period (Fig. 5.1), as well as a continuous model hailstone size vs. loss ratio (Fig. 5.2) have
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Figure 5.1: Frequency at which a given hailstone size is reached or exceeded in the study area.

been established. The computation of the losses is here a two steps process, where the first
step consists in determining for each building if it is damaged or not using a random sampling
with a probability value dependent on the hailstone size (Fig. 5.2 left), whereas the second step
consists in calculating the economic loss for the damaged buildings by sampling a damage ratio
from a probability distribution function for which the parameters depend on the hailstone size
(Fig. 5.2 right). The loss model used here is a simplified version of the one that will be presented
in Chapt. 9 and is better suited for this analysis than the newer version since it includes less
variability. As a result, there is no need to compute a large number of iterations to reach a
stable value of loss for a given hailstone size. This simplified model uses a similar approach as
the one used in Imhof et al. (2015), but the constraints are different. Since the purpose of this
demonstration is mainly the hazard mapping, return periods between 30 and approximately 300
years are used. Calculations are made as follow: an initial return period of 30 years is used, and
an increment in the hailstone diameter is chosen, in order that the hailstone size of the 30 years
scenario plus the increment corresponds to a return period close to 300 years. A step of 1.6 cm is
chosen, since it is a number with few digits that permits to have a highest return period equal
to 342 years. Risk is then calculated and summed for these 2 scenarios, using Eq. (3.4) (p. 80)
for the frequency and Fig. 5.2 for the damage. The same process is repeated using a half step
and the same maximum value. 3 scenarios (30, 101 and 342 years) are then calculated. The
same process is repeated and each time that the step is divided by 2, the number of scenarios
increases to become (n x 2) — 1, with n being the number of scenarios at the previous iteration.
It is assumed that by reducing the step size, the risk gets closer to the "actual” value. The partial

risks are calculated as in Valdorisk (Chapt. 3) using the following equations:
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Figure 5.2: Vulnerability functions. The left graph shows the proportion of affected buildings,
whereas the right graph shows a sample of the cumulative distribution function of the loss ratio
for different hailstone size. The effectively used curve is defined by the exact hailstone size in the
simulation.

i Ji X Dz fori < tmaz
R — (fi = fi+1) 5.1
fi x D; for i = imar

where D); are the losses in scenario 7.

In this example, it is relatively easy to calculate a large number of scenarios. However, many
times, calculating or modelling many scenarios is time consuming, or even impossible. Therefore,
2 possible corrections are tested as well. The first uses a simple linear interpolation between the

points and the risk can then be calculated using the following formula:

(fi = fix1) X <DZ+2DH1

fi x D; for i = imaq

) fori < imax

R, = 5.2)

As it can be seen in the formula, using a linear interpolation is similar to using the average of
the losses in the studied scenario () and the next one (¢ + 1). This approach is similar to Meyer
et al. (2009). The second tested solution consists in interpolating between the points using a

power law with equation:
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Figure 5.3: Schematic representation of the procedure used. First, a step is chosen so that when
this step is added to the hailstone size of the 30 years scenario, the obtained size of the hailstones
corresponds to a return period close to 300 years. The value of 1.6 cm satisfies this requirement
and is then chosen. The risk is then calculated using these 2 scenarios. Then, the step is divided
by two and three scenarios are required to calculate the risk between the same bounds, the 2 used
before plus a new scenario in between. The scenarios used for the risk are represented by the dots
on the graphs. The step is then divided by two again and the risk calculated using 5 scenarios.
This process is repeated several times. For each value of the step, the risk is calculated using the
same minimum and maximum return periods.

D=af" (5.3)

Risk can then be calculated using the following equations:

= Dol fori <imas
f; (5.4)

lo ( Dj )

a fl—b _ r1-b h=— e\ Dij1 ‘a
i— \Ji i+ )|0F TN

Ri = log| —+

fi x D; for i = ipmae

5.2.3 Results

The results using a step ranging from 1.6 cm to 0.0125 cm are presented in table 5.1 and Fig. 5.4,
using respectively Eq. (5.1) (without corrections), Eq. (5.2) (linear correction) and Eq. (5.4)
(power law correction). The risk without correction using the smallest step is considered as the
reference value and is 18.7 million CHF/year. As expected, without correction, the risk for a small
number of scenarios is underestimated. For the three scenarios with return periods corresponding
to the ones used in the hazard maps in Switzerland, the obtain value is around 27.2 % below the
expected value. The calculation is graphically illustrated in Fig. 5.5. Using a linear correction

yields results closer to the expected value with 3 scenarios and more, but yields a result farther
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Figure 5.4: Total risk obtained with different hailstones step size (and thus different number
of scenarios). The larger the number of scenarios, the higher the risk. Using three scenarios,
similarly to the procedure used for the hazard maps yields a result 27.2% lower than using a large
number of scenarios.

from the expected value using only two scenarios (+53.2 %). It can indeed be seen on Fig. 5.6 that
the line does not perfectly correspond to expected shape. On the other hand, using the power law
correction returns good results and with three scenarios, the result is very close to the expected
value (Fig. 5.7).

5.2.4 Discussion

Using no correction at all is not recommended for a small number of scenarios since the obtained
value will always be lower than the expected value. In this case, using three scenarios, the
obtained value is indeed 27.2 % below the expected value. This proportion will obviously be
different in other cases, but it is significant in this example. On the other hand, using a linear
correction is slightly better here with three scenarios since it is only 13.7 % above the expected
value. However, this correction is not good using only 2 scenarios. The main advantage of this
method is that it is relatively simple to apply and that it doesn’t need additional information. The

linear correction has been integrated in Valdorisk (Chapt. 3) as an option.
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Table 5.1: Results of the mean risk calculation using a different step size without correction,
corrected with a linear regression or with a power law. The difference with the expected value
(without correction using the smallest step) is given for each result (A risk max.).

Step size [cm] ‘ 1.6 0.8 0.4 0.2 0.1 0.05 0.025 0.0125
Number of scenarios 2 3 5 9 17 33 65 129
Risk [MCHF] 10.4 13.6 15.7 17.1 17.9 18.3 18.5 18.7
A risk max. -443%  -27.2% -15.8% -8.51% -4.18% -1.97% -0.865% +0%
Linear regr. [MCHF] 28.6 21.2 19.4 18.9 18.8 18.8 18.8 18.8
A risk max. +53.2% +13.7% +3.59%  +1.08% +0.598% +0.414% +0.322% +0.598%
Power law [MCHF] 17.2 18.6 18.7 18.7 18.8 18.8 18.7 18.8
A risk max. 1.84% -0.703% +0.0442% +0.191% +0.377% +0.358% +0.308% +0.593%

The second correction applied, which uses a power law, seems to fit better with the expected
results. Indeed, even with 2 scenarios, the result is only 7.84 % above the expected value. That
is because many frequency—magnitude relationships for natural hazard are well described by
a power-law. It can indeed be seen on Fig. 5.7 that the results without correction using 129
scenarios are almost aligned on a log-log plot and in good agreement with the power law fits.
This second method seems to be the best one, but is slightly more complicated to use than the

linear correction.

This problem of using no correction has been discussed extensively in the working group of
EconoMe, the risk calculator in use in Switzerland, but for now, the calculator uses no correction
since risk analyses are generally over-evaluated by the operator according to the experience of
the Federal Office for the Environmental (Bernard Loup, pers. comm.). However, for a project of
the cantonal building insurance association, WSL et al. (2014) also uses a linear correction, that
however differs by the fact that they establish a damage threshold, which is a first frequency at
which damages occurs and permits to complete the analysis in the right-hand side of Fig. 5.5,
towards a null damage amount. It is however not clear (neither in Meyer et al., 2009) if they
consider that the damage amount of the scenario with the lower frequency applies to the all
frequencies below (second line of Eq. 5.2). Although it needs more data, adding a damage
threshold is probably often useful, as shown by Ward et al. (2011) in the context of a flood risk
analysis, where the frequent floods have more influence on the total risk than extreme events.
Another option could be to extrapolate the regression on both sides, but it has not been tested
since a slight change in the slope would have a significant influence on the results. This would

indeed put too much credit on the original points (blue points in Fig. 5.5-5.7).
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Figure 5.5: Risk calculation using three scenarios, without correction. The total risk corresponds
to the integration of the blue area. The blue dots correspond to the scenarios used, whereas the
red line line correspond to the risk obtained using the same procedure with the smallest steps,
and is considered as being the "real" risk. The two triangles between the blue surface and the red
curve are then missing from the calculation.

Besides the effect demonstrated in this section, Ward et al. (2011) also show the importance
of properly selecting the return periods. Indeed, especially if the risk is not linear or contains
steps (for example when a levee is over-topped), the number and values of the return periods used

might have a great influence on the calculated risk.
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Figure 5.6: Risk calculation using three scenarios and linear interpolations between the points.
The total risk corresponds to the integration of the green area and is close to the expected value.
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Figure 5.7: Risk calculation using three scenarios and power law interpolations between the
points. The total risk corresponds to the integration of the pink area and is close to the expected
value.
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5.3 Accounting for the uncertainty

5.3.1 Introduction

This section focuses on the inclusion of the uncertainty on the risk calculation. This can be
done, as presented in the introduction, by defining each parameter by a distribution of probability
and by modelling the possible outcomes using a Monte-Carlo simulation (e.g. Lari et al., 2012).
However, in order to be implemented in a risk calculator such as Valdorisk (Chapt. 3), this
needs to be done simply, with as few additional parameters as possible. To achieve this goal,
a method using a triangular distribution is presented here. First, the triangular distribution is
presented (Sect. 5.3.2). Then, the possibility to correlate the random variables used for sampling
the triangular distribution is discussed (Sect. 5.3.3). Finally, the implementation of this method is

discussed, especially the input parameters (Sect. 5.3.4).

5.3.2 Sampling from the triangular distribution

The triangular distribution is defined by its mode (m) and by its minimum (a) and maximum (b)
values. This makes it easy to use, since these parameters can be estimated more easily than, for
example, the standard deviation of the normal distribution. Another advantage of this distribution
is that impossible values can be excluded (for example a negative frequency). On the other hand,
it doesn’t have a fat tail, which could be suitable for some of the variables. The inverse cumulative
distribution function (CDF) is (Kotz and Van Dorp, 2004):

a+/U(m—a)(b—a) for 0 < U < F(m)

FYU)=z= (5.5)

b— /(1 —U)b—m)(b—a) for F(m)<U <1

With F'(¢) = (m —a)/(b — a) and U an number between 0 and 1. If U is a random variable
uniformly distributed, the outputs are distributed according to the triangular distribution defined

by parameters a, b and m.

5.3.3 Correlation of random variables

Let’s assume that we want to add variability to the return period of the 3 usual scenarios.
Sampling the inverse CDF with the same random value U for the 3 return periods would consider
no uncertainty on the slope of the intensity—frequency relationship (Fig. 5.8 a). On the other
hand, using independent variables would easily allow a scenario with a large intensity to be
more frequent than one with a smaller intensity if the distributions are overlapping (Fig. 5.8 b).

Similarly, if the vulnerabilities before and after measure are assessed using independent variables,
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it would be possible to have a higher vulnerability after the measure, which does not make sense.

As a consequence, different but correlated random variables are desirable (Fig. 5.8 c).
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Figure 5.8: Sampling of return periods using the same random variable (a), independent random
variables (b) or correlated random variables (c¢)

The following paragraphs describe a method to obtain correlated uniform random variables
with domain [0-1], using independent variables with a random element in common described by
Griffiths (1978) as a starting point.

Let (V1, V2) have the structure Vi = aWj + (1 — )Wy and Vo = aW; + (1 — o)W,
W1, Wo and W3 being mutually independent variables with uniform distribution [0-1] and « a
coefficient [0-1] defined by the user. V] and V5 follows a trapezoidal distribution (see Kotz and
Van Dorp, 2004) with parameters a and d equal to 0 and 1 respectively, b = min(«, 1 — «) and
c=1-0.

V1 and V5 can then be transformed into uniformly distributed variables by using the trapezoidal

CDF, which is, in our case:

.T2

_r

26(1— ) orx <b

— (b2

F(z) = xlfbé) forb<z<1-b (5.6)

(1 a)?

N SR R
26(1— b) or b<uz

Using this procedure, F'(V;) = U; and F(V3) = Us are uniformly distributed, but are not
independent if « > 0. The process is illustrated in Fig. 5.9 and examples with « = 0 and
a = 0.75 are given respectively in Fig. 5.10 and 5.11. We can roughly consider that highly
correlated variables represent a situation where there is a low natural variability (i.e. a low aleatory

uncertainty), and where the triangular distribution reflects mainly the epistemic uncertainty.
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Figure 5.9: Process used to obtain two dependent random variables U; and U, with a correlation
factor o = 0.75. The process starts by generating three independent random variables W1, W2
and W3 that are uniformly distributed. V'1 and V2 are then created by combining respectively
W1/W?2 and W1/W2. V1 and V2 are correlated, but not uniformly distributed. Using the
trapezoidal CDF, V1 and V2 are transformed into U1 and U2 respectively. These latter are
uniformly distributed and dependant. The histograms show the distribution of 100 000 variables,

Chapter 5: Addition of multiple risk scenarios accounting for the uncertainty

o
o
N
o
i

-

8000

6000

4000

2000

V2

whereas only 1000 points are displayed in the scatter plots.

0.8
0.6
0.4
0.2




Section 5.3: Accounting for the uncertainty 123

Figure 5.10: Scatter plot of 3000 pairs Uy, Us randomly generated with a correlation factor o = 0.
The marginal distributions are presented on the sides and show a uniform trend.

Figure 5.11: Scatter plot of 3000 pairs Uy, Us randomly generated with a correlation factor
o = 0.7. The marginal distributions are presented on the sides and show a uniform trend.
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5.3.4 Input parameters

We propose to add a triangular distribution to every input parameter. However, since many
parameters are considered in the analysis, and in order to stay simple for the user, we propose
to limit the number of a and b parameters to assess. Since, the uncertainty on the return period
of a scenario is generally related to those of the others, the user provides the lower range of the
30 years scenario (a3p), and the other a; and b; parameters are calculated by keeping a constant
interval on a logarithmic scale.

When it comes to the spatial occurrence probability Pg (see Fig. 4.1), it is generally defined
as constant for a given scenario in EconoMe. However, we propose to define it, as well as its a
and b parameter, for each element at risk. This adds more input parameter to the analysis, but
when a modelling is performed, Pg is usually better spatially defined than only by a general ratio.

When it comes to the vulnerability, since this parameter is not easy to define, we propose to
keep the usual intensity classes as inputs (low, medium and high) and to add inter-classes: very
low (vl), low-medium (Im), medium-high (mh) and very high (vh). These classes might help when
the object is at the limit between two classes of intensities, or if the user considers it as being
more or less resistant than the mean of the class. This parameter includes then both the hazard
intensity and the objects vulnerability. The a, b and m parameters of the different classes are
defined in Eq. (5.7) with v;, vy, and vy the vulnerabilities given in EconoMe. An example is

given in Fig. 5.12.

Ay Myl by 0 /2 (U1 + Vi) /2
a; my b 0 v Um
A Mim bim v /2 (v +vm)/2 (vm +vn)/2
Am Mg b v Um, Up, 5.7
Amh Mk bmp (0 +vm)/2 (vm+on)/2 (vm +vR)/2
apb, my by U, Up, 1
avh  Moh by (Um +vn)/2 (vm +vp)/2 1

5.4 Example

The example presented in Chapt. 3 is used here to demonstrate the use of the principles exposed
above. The same parameters are used without variability for the value of the buildings, the
number of inhabitants and their spatio-temporal probability and the intensities (see tables3.3 and
3.4). However, when it comes to the return periods and the vulnerabilities, random distributions

are used.
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Figure 5.12: Vulnerability distributions built from 3 initial values, represented by the dotted lines
(here 0.03, 0.3 and 0.6)

When it comes to the return periods, the lower limit of the most frequent scenario a4 is chosen
manually, whereas the others limits are automatically defined using the difference between the
mode of the first scenario m; and a; on a logarithmic scale:

log(mi)—log(?)
a; =10 !

(5.8)

b — 1010g(m¢)+10g<%1)
;=

The resulting values are presented in table 5.2 and Fig. 5.16. When a return period is sampled,
the triangular inverse cumulative distribution function (Eq. 5.12) is always used with the logarithm
of the values presented in table 5.2 in order for the function to be triangular on a logarithmic

scale, as presented in Fig. 5.16.

Table 5.2: Parameters used for the triangular distributions of the return periods. The a and
b values correspond to the minimum and maximum respectively, whereas m is the mode and
corresponds to the initial value

a m b

2 5 125
12 30 75
40 100 250
120 300 750

Regarding the vulnerabilities, the values presented in table 3.2 are used together with the
intensity values retrieved from the maps, but triangular distributions are used to add variability,

as proposed in Eq. (5.7), although the additional intensity classes are not used. The resulting
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Figure 5.13: Probability density functions for the return period of the rockfall scenarios

distributions for the 3 types of buildings are presented in Fig. 5.14. To avoid too wide distributions,
the lowest value of 1 and the double of the mode value of the distribution is used for the upper
bound of the high intensities distributions. This is especially useful for multi-housing buildings
since the vulnerabilities are generally low. The same principle is applied to the lethalities and this
upper limit is also useful in that case since the lethality of persons in multi-housing buildings
is very low (table 3.2). Without this limitation, the resulting risk could be several orders of
magnitude higher.

Monte-Carlo analyses are then performed with the frequencies and the vulnerabilities and
lethalities sampled randomly according to the distributions presented above. Several correlation
factors are tested. First, the correlation factor o between the random variables used to assess
the return periods is fixed to 0.9 and the correlation factor « of the random variables used for
the intensities and lethalities is set respectively to 0, 0.5 and 1. The correlation is performed
independently for each type of building, which means that in a same realisation, the vulnerabilities
of one object type can be relatively high and the ones of another object type relatively low. The
random variables used for one object for vulnerabilities and the lethalities are also independant.
The results of this first test are presented in Fig. 5.15 in terms of total risk before the protection
measures. The same test is then performed setting the correlation coefficient of the vulnerabilities
and lethalities at 0.9 and setting the correlation coefficient of the return periods at respectively
0, 0.5 and 1. The results are presented in Fig. 5.16. It can be seen from these two figures that
correlated random variables produces slightly more variability in the results. The variations of
the correlation factor of the vulnerabilities and intensities produce more variability, although

the random variables are independent for the different objects and for the vulnerabilities and
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Figure 5.14: Probability density functions of the vulnerabilities for the encountered types of
buildings for each intensity.

lethalities, which mean that there is 6 groups of random variables in this example. The variations
of the correlation factor used for the return periods produce little variations in this example, which
might be due to the link between the return periods (Eq. 3.4).

Finally, a test is made to see the result of using the same random variables with and without
protection measures, i.e. the same return periods and vulnerability functions. Using the same
values might indeed make sense in many situations, since, if protection nets are placed to stop
rockfalls, the uncertainty on the frequency of the rockfalls would be the same with and without
the protection measures. The results of this test are presented in Fig. 5.17 in terms of benefit/cost
ratio and show no difference. The absence of difference is due in this case to the fact that the risk
after the construction measure is several orders of magnitude below the risk without protection
measures (see tables 3.3 and 3.4). Therefore, the risk reduction depends essentially on the risk
before measures.

Compared to the risk calculation made in Chapt. 3, the values tend to be higher in the
simulations. These tests also show that plausible uncertainty ranges can produce a high variability

in the results.
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Figure 5.15: Monte-Carlo simulations made using three different correlation factors o to sample
the vulnerabilities and lethalities. The correlation factor « used to sample the return periods is set
to 0.9 for the three analyses presented here. A higher correlation factor produces more variability
in the results.
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Figure 5.16: Monte-Carlo simulations made using three different correlation factors o to sample
the return periods. The correlation factor o used to sample the vulnerabilities and lethalities is set
to 0.9 for the three analyses presented here. A higher correlation factor produces only slightly
more variability in the results in that case.
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Figure 5.17: Monte-Carlo simulations made with correlation factors o of 0.9 to sample both the
return periods and the vulnerabilities and lethalities. The green curve (hidden behind the blue one)
is obtained by using the same random variables with and without protection measures, whereas
the blue curve is obtained using different random variables. In this case, the two curves are similar
since the risk after the construction of protection measure is several orders of magnitude below
the risk without the protection measures. As a consequence the risk reduction (i.e. the benefit)
depends almost only on the risk without protection measures.
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5.5 Discussion and conclusion

This chapter presents simple methods to add the scenarios without underestimating the risk
and, secondly, a method to allow the person in charge of a cost-benefit analysis to include his
uncertainty, as well as the random variation in his analysis. This latter method is still under
development and needs to be tested in practical cases.

Interpolating between the partial risks aims at being as correct as possible in the calculation.
Indeed, although the error induced in the model is relatively small as compared to the large
uncertainty affecting the risk estimation, introducing systematic errors that can easily be avoided
is not desirable. Furthermore, when, for example, the scenario 30-100 years is studied, the
estimator think that he is being conservative by keeping the scenario 100 years for this class.
However, since we have seen that this scenario actually applies to the 100-300 years class, the
conservative scenario becomes an optimistic scenario, without the estimator being aware of it.

When it comes to the method aiming at taking the uncertainty into account, the method to
correlate the random variables for the sampling process might be useful for the parameters that
change after the protection measures, but also for parameters that are related, such as the return
periods.

The choice of the triangular distribution might seem peculiar since it is a statistical distribution
that can only be encountered in very specific cases. Indeed, Lari et al. (2012) assume, in a
similar analysis, that the Gaussian distribution is the most probable type of distribution for such
parameters. However, the triangular distribution has been chosen here because we think that it is
easier to define the minimum and maximum value than a standard-deviation and since negative
values can easily be excluded. Furthermore, the cumulative of a symmetric triangular distribution
is actually very similar to the one of a Gaussian with equivalent parameters. However, the choice
of the distribution should actually rather be done by the user.

This way of including the uncertainty does however not correct the biasing (i.e. a systematic
error, for example if the operator is too optimistic on its estimation). A way to correct it could be
to use the method proposed by Kahneman and Tversky (1982), namely to use an estimated index
of predictive accuracy and to correct the estimation by weighting the parameter estimation by a
reference value, with a weighting degree depending on the index of predictive accuracy. However,
this method needs a catalogue of reference values for different kind of situations (e.g. frequency
of rockfalls in a unit area according to a type of rock).

To conclude, the cost-benefit analysis will always be limited by uncertainties and biases, as
well as by simplification made in the methodology, but it is a useful decision support. Therefore,
including some uncertainty in the parameters of the analysis allow to have a better understanding

on the information contained in the results and permits to take more informed decisions.



Chapter 6

Accounting for protective measures in
hazard mapping

6.1 Introduction

Natural hazard mapping is not a definite process, since many hazards depend on conditions that
might change over time. This is for example the case for debris-flow on a cone, since the channel
location might change, or for rock falls in a forest, since the tree population might change, for
example after the apparition of a parasite. Van Westen et al. (2008) states that susceptibility and
hazard maps are made for the present situation and should be updated in case of change in the
causal factors. Among these changes, some are natural, but the hazard can also be modified by
built protection measures. In Switzerland, built protection measures should only be applied to
protect existing assets and not to increase the use of the land (Lateltin et al., 2005).

Since built protection measures change the hazard, the question of taking them into account
or not for the hazard mapping arises. Lateltin (1997) and FOEN (2016) recommend to take the

measure into account only if the two following conditions are fulfilled:

e the measure should be already built and not only be at the planning stage

e the protective function of the measure should be guaranteed on the long term

Di Baldassarre et al. (2013a), who theorise the floodplain occupation, note that the levee
construction, since it is generally correlated with more intense urbanisation behind, produces a
shift from frequent flooding of rural areas to rare but catastrophic flooding of urbanised areas. In
the USA, the Federal Emergency Management Agency (FEMA) considers floodplain protected

against a 100-year return period flood as being outside the official floodplain. Therefore, no
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special requirement are issued for new constructions and the owners are often not even informed
of the flood risk (Ludy and Kondolf, 2012). In 1993, a great flood affected the Mississippi and
Missouri area and the limitation of assets in floodplains was recognised as the best solution to
limit future flood losses. As a consequence, FEMA launched a program of buyouts to reduce
the number of houses on floodplains. On the other hand, they allowed a large number of new
construction in areas flooded in 1993, but protected by dikes afterwards (Pinter, 2005). Ludy
and Kondolf (2012) did a survey on an area of the Sacramento-San Joaquin Delta of California,
which is protected for the 100-year return period flood with levees. They found out that although
the population was well educated, they were not aware of the risk. Some residents also consider
that the authorities would not have allowed them to build at that place if it was not safe. It is
observed in other regions of the world that the population considers the authorities as responsible
for their protection (e.g. Terpstra and Gutteling, 2008). Ludy and Kondolf (2012) also point out
that informed owners are more susceptible to take precautionary actions. Therefore, it seems
important to inform people in protected area that there is still a residual risk.

This chapter discusses how and when protective measure should be taken into account in
hazard maps. First, a bad example of development in "protected” area is discussed (Sect. 6.2),
then, a symbology for hazard maps in protected areas is proposed (Sect. 6.3) and example are
shown (Sect. 6.4).

6.2 Forgetting the hazard, example of La Faute-sur-Mer

An example of forgotten measure can be seen in La Faute-sur-Mer, in Western France, although
the problems that lead to the crisis the village faced during the night of 27 to 28 February 2010
are more complex (e.g. Robert-Diard, 2015)

The storm Xynthia landed on the French Atlantic coast during the night of 27 to 28 February
2010. Although the winds associated with the storm were not exceptionally high in La Faute-sur-
Mer, the level rise due to low pressures and the forcing of water towards the coast happened at
the same time as a high tide with a relatively high coefficient. As a consequence, the sea level
reached 4.8 m above its mean level in La Faute-sur-Mer (Chaveau et al., 2011) and flooded part
of the village because of dike breaches inside the Lay estuary (Fig. 6.1). The natural dune on the
open see side was indeed high enough to sustain the sea rise (Fig. 6.2).

When it comes to the consequences, La Faute-sur-Mer is a village that developed a lot thanks
to tourism and secondary residences. In 1959, the village was relatively small and dikes had
been built to protect agricultural lands (Chadenas et al., 2011, Fig. 6.1). Subsequently, many new
houses were built on these lands, in an area that seemed safe because of the dikes. However, the

dikes had not been designed to protect houses, thus the design event might have been too small,
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Figure 6.1: Land-use map of La Faute-sur-Mer. The black line indicates the position of the
cross-section in Fig. 6.2. The gray circle marks the position of recent houses that where flooded.
(modified from: Chadenas et al., 2011)
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Figure 6.2: Cross-section of the Lay estuary (the position is given in Fig. 6.1). The altitude zero
is given according to the general French levelling (NGF) and to the hydrological approach, that is
the lowermost sea level (modified from: Chadenas et al., 2011)

and the dikes lacked maintenance. In addition, the houses were not designed properly for an area
susceptible for flooding. Indeed, many houses were single storey, with no escape to the roof and
were equipped with electrical roller blinders (to reduce the premiums of anti-theft insurance) that
are impossible to open in case of power cut (Genovese et al., 2012). In La Faute-sur-Mer and
the region around, Genovese et al. (2012) highlights that 37 of the 41 casualties were persons in
houses "protected" by dikes. Among the 41 victims, 27 were staying in La Faute-sur-Mer.

Although it seems like a perfect example of a forgotten risk, the problem is slightly more
complex since the mayor and his ex-assistant were first found guilty of involuntary homicide
(Robert-Diard, 2015). The sentence has then been reduced in appeal trial for the mayor and
cancelled for his ex-assistant (Robert-Diard, 2016). The first trial pointed out that 9 of the victims
were staying in houses built at a time when the risk was known and the mayor has always been
opposed to the demands of the State and hid the risk to the population in order to benefit from the
incomes (Robert-Diard, 2015). Whatever the responsibilities of the authorities are in this case,
a good publicly available map could have forced the mayor to inform the population about the
hazard and the protection measures.

Generally, in small municipalities, that are numerous in Switzerland, the knowledge of the
authorities, that have to manage many different services with few employees, might be limited
regarding natural hazards. Furthermore, the information is not always well transferred when
the authorities change. As a consequence, it is important to ensure that the information on
protection measure is well transferred to the next person in charge. In La Faute-sur-Mer, similar
consequences could have happened if the mayor had recently changed and the new one had a

limited knowledge on marine submersion.

6.3 Proposed symbology

A solution to this problem could be to use to color of the hazard level without protection measures

on the background and to overprint the color of the hazard level with the protection measures using
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hatching. This is the solution used in the Canton of Vaud, in Switzerland (UDN, 2014). A problem
that appears with this solution is that the white pattern with yellow hatches can correspond both
to the residual risk, which is the risk for return periods above 300 years (Fig. 1.17), and to a
yellow area that has been protected.

The solution that we propose is to use the same system regarding the colors, but, instead
of using hatches for the hazard level after protection measure, we propose to use a symbol
representing the type of protection measure. This symbol would take the color of the hazard level

after protection measure.

6.4 Examples

6.4.1 Rockfalls in Chardonne

The example presented in Chapt. 3 is used here to illustrate the method. The hazard map without
protection measures is given in Fig. 6.3 and is obtained by combining the intensity maps presented
in Fig. 3.4 to 3.7. It is expected, after anchoring the rock slope, that rockfall only occurs in the
300 years scenario with a small volume (Fig. 3.8). As a consequence, the hazard level after
protection measures would be low (Fig. 6.4). However, the life expectancy of the protection
measure is certainly lower than the one of a house. Therefore, it is especially important to keep
track of the initial hazard level. A possible solution for the hazard map would be to use a nut as
a symbol of the rock slope nailing, and to have the hazard map of Fig. 6.3 over-impressed by a

yellow nut where the hazard is reduced to a low level (Fig. 6.5).
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Figure 6.3: Hazard map before protection measure. The source area is located in the forest, on
the northern side of the hazard area. (modified from: Joliquin et al., 2010)
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Figure 6.4: Hazard map after protection measures. Rockfall would occur only in the 300 years
scenario and would have a low energy. (modified from: Joliquin et al., 2010)
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Figure 6.5: Proposed solution. The old hazard level would be over-impressed by yellow nuts to
symbolize the protection measure and the hazard level with the protection measures (modified
from: Joliquin et al., 2010).
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6.4.2 Rockfalls in Veyrier-du-Lac

The second example is the village of Veyrier-du-Lac, in Haute-Savoie (Eastern France), which
is subject to relatively frequent rockfalls (Monnet et al., 2010). However, the buildings are
partly protected by a forest. In the french methodology of hazard mapping, forests are normally
not taken into account (Berger and Rey, 2004). However, the rockfall propagation have been
modelled both with an without the effect of the forest, using a matrix comparable to the one used
in Switzerland (Monnet et al., 2010). Accounting for the effect of the forest, the propagation
is much reduced. Figure 6.6 show what the map might look like using our symbology. The

protection measure is symbolized here by a tree.
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Figure 6.6: Proposed solution. Note that the axes of the matrix don’t have the same direction as
the Swiss matrix. Orange is then the highest hazard level (modified from: Monnet et al., 2010)
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6.5 Conclusion

The building of protection measure is often correlated with an increase of constructions in
the protected area (Di Baldassarre et al., 2013a), which should not be the goal in Switzerland
(Lateltin et al., 2005). Furthermore, people in protected area are often not aware of the residual
risk. Therefore, the method proposed here intends to make sure that the hazard level is known,
both with and without the protection measures. This way, the population would be aware of the
residual risk, and so would the authorities. Indeed, municipalities are often small in Switzerland
and have therefore a small administration. This method is in agreement with Rouiller et al. (1998),
who recommends, for rockfalls and rock slope failures, to always keep the original hazard degree
with an overlay indicating that the area is protected.

Further research should however propose adequate symbols for all protection measures and
make sure these symbols are easy to understand. Although this method is mostly designed for the

Swiss methodology, it can easily be applied to other areas as long as hazard classes are used.
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Stochastic risk modelling at regional
scale
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Introduction to Part 11

This Part differs from Part I since it considers risk analyses at regional scale. If the principles or
risk analysis are similar, analyses at regional scale generally face more uncertainties on all the risk
parameters. Therefore, the use of a strategy to propagate the uncertainty is particularly important
(e.g. Lari et al., 2009). All the models presented here have in common their non-deterministic
nature and use stochastic (i.e. random) processes to provide a probability distribution of the
models’ outputs. Practically, the models consist in performing a large number of Monte-Carlo
simulations with input values sampled randomly from to a probability distribution.

These models (particularly Chapt. 7 and 9) are performed for insurance purposes. Indeed,
the local-scale models presented in Part I permit to take decisions on protection measures, for
example, whereas regional scale models aim at other goals that are more in adequate for building

insurance companies. These goals can be for example:

e Predict future losses to improve their management

Test mitigation strategies

Test our understanding of the factors controlling the risk

Test the sensitivity of the output to each of the input factors

Guide the collection of information on future events by identifying the key-parameters for
the risk

The fitting of each of the models for these purposes is discussed in the general conclusions
(Chapt.10).

In addition, these models need to cope with lack of data. Indeed, the collection of data at
regional scale is more complicated and some parameters need to be estimated with different stra-
tegies. For example, the vulnerability is often not easy to assess, especially when an uncertainty
exists on the actual intensity. Therefore, the vulnerability is not always related to the intensity in
the following chapters. In addition, Chap. 8 and 9 use a random process to define if a building is

affected or not before sampling, if needed, for a loss ratio.
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Chapter 7

Evaporite sinkhole risk for a building
portfolio

Foreword

This chapter has been submitted to Environmental Earth Sciences:

Nicolet, P., Choffet, M., Derron, M.-H., Jaboyedoff, M., and Lauraux, B.: Evaporite

sinkhole risk for a building portfolio, Environmental Earth Sciences, Submitted.

Abstract

Karst-related hazard can be a problem for buildings, especially in the case of evaporite karst.
This study aims at evaluating the risk posed by evaporite karst for a building portfolio in western
Switzerland, using a susceptibility map and an event inventory. Since the inventory is not complete,
different corrections aim at obtaining a frequency of sinkhole events damaging a building as close
as possible to the actual frequency. These corrections account for the variation of the building
stock during the inventory period, the varying inventory quality among the municipalities and the
partial knowledge, even in the best case. This approach is preferred here to estimating spatially
the hazard, since the amount of information on the frequency and magnitude is insufficient to
draw a proper hazard map. The distribution of loss ratios is also retrieved from the inventory,
thanks to the estimated or actual price of the remedial works. Annual losses are then estimated
using a Monte-Carlo approach, which consists in sampling for a number of damaged buildings
from a Poisson distribution, for a distribution of loss ratios and for a building value. Different
exceedance curves relying on different hypotheses are presented, and the mean annual loss that

the public insurance company might have to compensate is estimated at CHF 0.8—1.5 million.
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7.1 Introduction

Karst-related hazard is periodically making the headlines due to spectacular collapses like in
Winter Park, Florida (Tihansky, 1999), Ure Bank Terrace, UK (Cooper and Waltham, 1999) or
in Camaiore, Italy (Buchignani et al., 2008). Beyond these spectacular cases, many regions in
the world face engineering problems related to karst, in particular in evaporite rocks, since their
solubility and dissolution rate are higher as compared to limestones and their mechanical strength
is lower (Gutiérrez et al., 2008a). Furthermore, the higher solubility and higher dissolution rate of
evaporite rocks makes them more sensitive to human activities, like water withdrawal or injection,
since new cavities can develop at human time scale (e.g. Klimchouk, 2005)

Many studies have been made in order to map the susceptibility to sinkholes (e.g. Galve et al.,
2009; Yilmaz et al., 2011; Pueyo Anchuela et al., 2015; Parise, 2015) or to propose good practices
for land planning in karst areas (e.g. Sowers, 1996; Paukstys et al., 1999). On the other hand,
relatively few studies quantify the hazard. A nice example of such an analysis is presented in
Galve et al. (2011), who establish a magnitude-frequency analysis in the Ebro valley (Spain).
This analysis is possible thanks to the very high occurrence rate of sinkholes in their study area.

When it comes to the induced risk, although sinkhole hazard is covered by insurances in
some regions of the world like the United Kingdom (Cooper, 2008) or Florida (Cooper et al.,
2011), relatively few studies try to assess quantitatively the risk induced by this phenomenon
on human activities. Some examples can however be mentioned, like the long history of risk
analysis in Russia (Ragozin and Yolkin, 2004; Tolmachev and Leonenko, 2011), which aims
at classifying the relative risks. In addition, Cooper and Calow (1998) present an example of
cost-benefit analysis and Galve et al. (2012) apply such an analysis to evaluate the best measure
to mitigate sinkhole damage on roads.

Other studies present numbers on the reported loss event frequency, costs or victims, which
permit to be aware of the orders of magnitude of the expected losses. De Bruyn and Bell (2001),
for example, reports 38 victims and one billion ZAR (around USD 75 million) of losses during
30 years in the "dolomite lands", which is a large and densely populated area of the Gauteng
Province, in South Africa. The particular severity of the consequences, especially regarding
the number of fatalities, is a consequence of the very high susceptibility induced by the mining
activity, more precisely by the drastic lowering of the water table. Tolmachev and Leonenko
(2011) mention 73 cases of damage to construction (not only buildings) in around 50 years (1.3
events per year) in the city of Dzerzhinsk, in Russia, among which 14 events are characterised
by the complete destruction of industrial sites. The population of the city is of around 250°000.
Over all Russia, the cost has been estimated at 1-1.5 billion dollars per year (Ragozin, 1994,
cited by: Ragozin and Yolkin, 2004). Cooper (1998) and Paukstys et al. (1999) report a major
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subsidence every one to three years around the city of Ripon, in England, and estimate that the
property loss is of around one million GBP in ten years (around USD 1.6 million, i.e. around
160,000 USD/year) for a city of around 16,000 inhabitants.

The present work aims at estimating the cost that would result of the inclusion of sinkhole-
related hazard in a mandatory public building insurance, and at presenting a methodology to
reach this goal with scarce data. It focuses on the Canton of Vaud, a state located in western
Switzerland. Although part of the state is concerned by karstified limestones, this study focuses
on the evaporite karst, which is present in the eastern part of the territory. This area is indeed more
populated than the area where limestone karst is present. Therefore, as, in addition, evaporite
karst is more sensitive to human activities, higher losses are expected in the evaporite karst area.
This assumption is supported by the fact that no loss event was known for buildings located
over limestones in the Canton when the study started. Recent ongoing investigations of the
insurance company however reveal a surprisingly high number of damaged buildings. Although

the damages are not formally attributed to karst processes yet, this needs to be further investigated.

7.2 Study area

7.2.1 Geology

The Canton of Vaud is located in South-Western Switzerland, and is composed, from North-
West to South-East, of the Jura Mountains, the Molassic basin and the Alps (Fig. 7.1). A brief
description of the geological framework of the canton is given below and is, for the most part,
derived from Triimpy (1980), Escher et al. (1997), Steck et al. (2001) and Pfiffner (2014), where
further information can be found.

The Jura Mountains is a fold and thrust belt composed, in the region, of around 1000 m
of Dogger to Cretaceous Limestones and Marlstones. The Molassic basin is made of Tertiary
sandstones and marlstones resulting from the erosion of the Alps, and except in the vicinity of
the Alps, is almost not deformed. It is often covered by morainic deposits. When it comes to
the Alps, the structure is more complex, but is of primary interest for the sinkhole process since
evaporties are met in many places. From a paleogeographic perspective, the Alps can be divided
in the Helvetic domain, which correspond to the European continental margin — the Ultrahelvetic
being the most distal part of the margin —, the Valais trough (corresponding to the lower Penninic
tectonic unit), the Briancon rise (middle Penninic), the Piemont ocean (upper Penninic), and
the Austroalpine domain, which corresponds to the Adriatic continental margin (e.g. Escher
et al., 1997). During the Trias, shallow marine conditions were dominant, and evaporitic rocks

were deposited in most of the domains listed above. In particular, the main units concerned by
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evaporitic karst are the Submediane zone, which is often attributed to the external part of the
Briancon domain, and the Ultrahelvetic Nappes (Fig. 7.1). As far as we know, no significant
lithological characteristics differentiate the evaporites from these units, which are, in most places,
composed of gypsum.

Regarding the Helvetic domain, pre-Triassic basement (Aiguilles-Rouges Massif) and cover
(Morcles, Wildhorn) nappes form the South-Eastern edge of the Canton. Triassic rocks are present
in the cover nappes, but are nevertheless thin and don’t outcroup in the study area. On the other
hand, although the Ultrahelvetic domain corresponds generally to higher deposition depth as
compared to the Helvetic, the Ultrahelvetic Bex and Laubhorn Nappes contain a large sequence
of Triassic evaporites. Together with other Ultrahelvetic nappes, they form the "Pass zone", which
is a region of relatively low altitude in the North-West of the Helvetic nappes, resulting from the
preferential erosion of the weak rocks which form these nappes.

When it comes to the lower and middle Penninic, The Niesen nappe originates from the
most external part of the Valais domain, and is mainly composed of post-Jurassic rocks. On the
other hand, Triassic series are well developed in the middle Penninic. Nappes of Brian¢on origin,
namely the Préalpes Médianes Rigides, the Préalpes Médianes Plastiques and the Breccia nappe
form the external part of the Alps in this region. However, evaporites acted as a décollement
surface, and only few cargneules are outcropping. Nonetheless, as mentioned previously, evapori-
tes outcrop in another unit attributed to the Briancon domain, the Submediane zone, which is a
complex amalgamation of various types of rocks embedded in a widlflysch or gypsum matrix
(Triimpy, 1980).

Finally, the Sarine nappe is a Late Cretaceous to Eocene flysch of Piemont origin, whereas
The Simme is the only nappe of Austroalpine origin in the region, and is a wildflysch with Jurrasic

and Cretaceous elements. Therefore, both nappes contain no significant evaporite rocks.

7.2.2 Karst features

Karst features are widely present in the Jura, where limestones are generally outcropping or
present at shallow depth, with typical collapse or suffosion sinkholes that remain well visible due
to their marked shape and to the large portion of the territory used as pasture. Karstic features
in the Prealpes are less spectacular, since they result mostly of the dissolution of evaporitic
rocks, which is often marked by shallow depressions formed by the sagging of the overlaying
cover (Fig. 7.2). Several evidences of karst have been observed in the area, as shown in Fig. 7.2,
ranging from well-defined pipes visible on a quarry wall, to shallow, sometimes badly defined,
depressions. Several rates of surface subsidence have also been measured, ranging from the

sudden collapse of a small cavity to a continuous subsidence (e.g. Fig. 7.2 a). An intermediate
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Figure 7.1: A: Location of the Canton of Vaud in Switzerland (coloured area). B: Canton of Vaud
with the extent of map C, which contains the study area. C: Tectonic map of the Prealpine part of
the Canton of Vaud (Modified from: University of Bern and FOWG, 2005b; Steck et al., 2001).
Evaporite rocks are present mainly in the Submediane zone and the Ultrahelvetic (in bold red).
The attribution of certain formations to one or the other of these two unit is subject to debate, but
is beyond the scope of this article (Hillshade and boundaries: (©) Swisstopo).

case can be illustrated by an event which occurred in 1984, where a 50-100 m wide zone subsided
from up to 8 mm in two months, provoking fissures in at least three buildings. The observed
diversity of processes is coherent with the observations of Gutiérrez et al. (2008b), who noted
that the range of involved processes is wider in evaporite karst. In addition, in comparison to the
Jura, denser and more urbanized municipalities are concerned in the Prealps, which means that
the number and total value of exposed buildings is more important, but also that the traces of past
event tend to be less visible. Furthermore, the mean building’s value is also higher in the Prealps,
where tourism is an important part of the economic sector. For this reason, this region is currently
experiencing a faster development and this situation is expected to continue, although recent laws

makes this prediction uncertain.
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Figure 7.2: Examples of sinkhole encountered in the study area. a: Cover-sagging sinkoles in
central Bex affecting the buildings on the left. b: collapse sinkhole on a road. ¢ and d: Sinkholes
cut by excavation in a quarry.

7.2.3 Insurance context

Every building of the canton is insured by a unique public insurance company, which represented
a total of 203,261 buildings and a value of approximatively CHF 230 billion end of 2014 (ECA,
2015). The insurance covers the losses resulting from fires and from natural hazards such
as landslides, snow avalanches, snow creeping, floods, storms or meteorite impacts (Grand
Conseil du Canton de Vaud, 1952, Art. 9). Losses resulting from insufficient foundations, water
infiltration due to pipe breaking or earthquakes are not covered. Due to the potential difficulty of
differentiating damage resulting from improper foundation design from damage induced by a
shallow and slow-moving cover sagging sinkhole, sinkhole hazard was not covered. However,
the insurance has been commissioned by the cantonal authorities to re-evaluate the exclusion of
sinkholes from the insurance.

A reason for this re-evaluation is that the Canton is in charge of mapping the gravitational
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hazards, namely floods, snow avalanches, rockfalls, debris-flow, deep-seated landslides, shallow
landslides, and sinkholes; sinkhole being the only hazard of the list which was not covered by the
insurance at the time of this study. Since the sinkhole hazard map will prohibit building in some
areas, which, as mentioned by Paukstys et al. (1999), is the most cost-effective form of planning,
imposing constructive measures in the less endangered areas and insuring the residual risk would
be a coherent risk management strategy.

At the time of this study, a preliminary hazard map has been drawn by the authorities for the
whole Canton, and detailed hazard maps are being established in the regions where buildings

might be threatened by this hazard.

7.3 Method

Risk is defined as the hazard multiplied by the potential worth of losses. A risk analysis needs
then to estimate the events frequency (i.e. the hazard), as well as the potential consequences,
which depend both on the values of the element at risk and on their vulnerability, i.e. the degree
to which the element is affected. Risk depends also on the spatial relation between the event and
the element at risk. This study is based on a preliminary hazard map (subsection 7.3.1), which
aims at locating the potential events, and on an event inventory (subsection 7.3.2), which can be
used to estimate the frequency at which a sinkhole damages a building, as well as the building

vulnerability.

7.3.1 Susceptibility map

The state of Vaud has established a susceptibility map for sinkholes (Champod, 2011), which
aims at identifying the area for which more detailed hazard mapping is needed. This map takes
several parameters into account, considers both carbonate and evaporite rocks and distinguishes
several levels of susceptibility. However, for this study, we need to keep only the area potentially
affected by evaporite dissolution. In addition, the method we use for risk analysis does not permit
to differentiate susceptibility levels. This important limitation will be discussed in section 7.5,

but to partly solve it, we will consider two different susceptibility maps.

e Susceptibility map A considers that all area located in a radius of 100 m around an evaporite-
related sinkhole are susceptible. The sinkhole inventory has been produced by the cantonal
administration and does not contain the rock type. Therefore, we interpreted it from the
geological maps in order to suppress the limestone-related sinkholes. Since sinkholes are
generally not visible in urbanised areas, known past events have been added to the sinkhole

inventory.
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e Susceptibility map B considers that all area where evaporite rocks occur at the surface or
the "close" sub-surface, according to the geological maps and associated cross-sections,
are susceptible. This map has been established for the preliminary hazard map of the
administration (Champod, 2011).

Although a proper hazard map containing information on the frequency (such as in Galve
etal., 2012) would be preferable, it is difficult to establish here since we have very few information
on the temporal occurrence of sinkholes. In addition, other parameters such as the proximity to
rivers or the tectonic lines are not considered here. However, as shown by Galve et al. (2009), the

proximity to a sinkhole is the best proxy for the susceptibility.

7.3.2 Event inventory

In order to characterize the risk, an inventory of past events is desirable. However, since this type
of hazard is not covered by the building insurance company yet, no centralized and standardized
inventory of damaged buildings is maintained. Therefore, data have been collected when available
from the municipalities’ technical services and from Lauraux SA, a private civil engineering
company active in one of the most concerned municipalities. Since no information is available
on the sinkhole frequency, this inventory is used to estimate a frequency of events damaging a

building and a distribution of loss ratio.

Frequency assessment

Since such an inventory is by nature incomplete and uneven, different corrections need to be
applied in order to get as close as possible to the actual frequency of sinkhole events damaging a
building. The adopted procedure, which is done separately for both susceptibility maps, is the

following:

1. From the collected events, calculating for each municipality j, the mean number of events

damaging a building per year, A7, (to help the reader, a list of the variables used in this

study is given in Appendix 7.6).

2. Correcting this number in order to account for the growth of the municipality building

stock during the time span covered by the inventory, with the equation:

j [damaged building] " n X Ngn
obs - “raw n ;
year Zil/:yo Nlﬂ

(7.1)
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Where Aib . 1s the observed frequency for municipality j, n is the number of years, ranging
from yg to y,, (both included) and V. l] is the number of at-risk buildings in municipality j
in year ¢, whereas IV, is the number of buildings at the end of the inventory. We define

the at-risk building as the buildings located in a susceptible area.

3. Calculating the observed frequency of event damaging a house per year and per at-risk

building at the time of the end of the inventory :

raw
— e (7.2)
Ni.

obs

\i [ damaged building } N
year X at-risk building

4. Affecting the highest frequency per at-risk building (A\”7}%%) to all the municipalities and

obs

calculating the deduced frequencies:

mar . NJ (7.3)

obs

damaged building} _

J
Adeduced |: year

Where N7 is the current number of at-risk buildings in municipality ;.

5. Summing the frequencies of all communities:

damaged building ;
Aiduced { o ] =2 Neducea (74)
J

6. Correcting the total frequency with an expert defined multiplication factor f, or by a range

of factors fiin — fmaz Which accounts for the estimated proportion of known events in

mazx
obs

the municipality with the highest frequency per at-risk building (A”}%*) calculated in step 3.

This procedure permits to deduce a frequency for the municipalities where no or few events
have been collected. The consistency of the frequency assessment relies then on several hypot-
heses, especially that the hazard is equivalent in any susceptible area, especially from one
municipality to the other. It also assumes that the building conditions are similar, in particular the
buildings foundation and the destabilizing factors such as leaking pipes. Finally, the multiplication
factor presented at step 6 is hard to define, that is why it might be preferable to use a range rather

than a unique value.

Vulnerability assessment

In order to identify the potential loss amount, the loss value (CHF) is compared to the building

insurance value (CHF) with the aim of building a distribution of loss ratios. The loss ratio is
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defined as the loss value (i.e. the amount of money the insurance has to compensate if there is no
franchise) compared to the insured value. Since the year of the loss event is, in this case, always
older than the year of the building value estimation, the consumers price index (CPI; Federal
Statistical Office, 2015) is used to actualize the loss values to the building estimation year.

The term loss ratio is preferred here to the term vulnerability, as this latter term is generally
related to the intensity of the event, which is not taken into account here. In addition, loss ratio
better reflects the fact that we are concerned here only about a monetary loss and that we do not
take into account other factors such as the building functionality. However, these terms are close
and the variable V is used to denote the loss ratio.

The probability of total loss Pry, is defined as the proportion of damaged buildings which
were too strongly damaged to be repaired (or which could only be repaired at a price higher than
their insurance value, which means that their calculated loss ratio is above one). For the partially
damaged buildings (i.e. with a loss ratio below 1), the observed distribution of loss ratios are
fitted with a 2 parameters generalized Pareto distribution with cumulative distribution function

(cdf):

Q~

F(V)=1- (1 + a‘é) ) (1.5)

where V is the loss ratio, « is a shape parameter and [ a scale parameter. The parameters
are fitted using the maximum likelihood estimation (Embrechts et al., 1997). Generalized Pareto
distribution is used because it permits to fit well the data, especially the high proportion of
small loss ratios, and because it is a relatively simple distribution. The main disadvantage
of this distribution for this analysis is that it is not bounded to one. To take into account the
representativeness of the sample, the distribution of the parameters between the upper and the
lower 99 % confidence interval is retrieved. The distribution of « is normal, whereas [ is defined

by a log-normal distribution.

7.3.3 Risk analysis

The frequency of sinkhole events damaging a building, the distribution of loss ratios and the spatial
distribution of buildings allow to establish a risk analysis based on a Monte-Carlo simulation, in
order to estimate the distribution of aggregated losses (i.e. the sum of all the individual losses)
over the years for the insurance company and to account for the uncertainty affecting some of the
parameters. The general framework of the simulation is given in Fig. 7.3, and is done once for
each susceptibility map. The first step of the procedure is to define the correction factor f used to
correct the deduced frequency. The analysis is performed both with a unique f (denoted "S" for

"scalar") or with a uniform distribution ranging from f,;, t0 fmae: (denoted "U" for "uniform™).
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Figure 7.3: Flow-chart of the risk assessment procedure. Letters between quotation marks indicate
the letters used to identify the type of analysis. Random variables are denoted by the letter "X"
and their index indicates if the variable varies at each financial year ("k") or for each building
("1") and if the variable is used several times (same letter and number) or not. A list of variables

is given in Appendix 7.6.
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Then, the number of affected buildings in the considered year (NVy,;;4) is calculated. Considering
that each event affects only one building and that the sinkhole occurrences are independent from
each other, a Poisson distribution is used, which is in accordance with other areas (Tolmachev and
Leonenko, 2011). Once the number of affected buildings (Np,;;4) is defined, the value of each
building (W;) is chosen at random in the list of buildings inside the susceptible area (W ;_ 4st.)-
For each of these V4 buildings, a loss ratio (V;) is defined. If a random variable X;; is lower
than Pry, the loss ratio is one. Otherwise, a generalized Pareto inverse cdf with parameters « and
5 is used to sample a value of V;. « and 3 are defined using whether the best fit value (denoted
"BF") or by sampling the distributions inside the confidence interval with an identical randomly
defined quantile X3 (denoted "CI"). In any case, o and /3 are kept unchanged for all affected
buildings in year k. The total losses of year k are then given by:

Npuild
Le= )Y VixW; (7.6)
i=1

This operation is repeated Ng;,, times in order to form an "exceedance probability curve",
which gives the probability of exceeding a given amount of losses in a financial year (e.g. Michel-
Kerjan et al., 2012). The same is tested using a maximum value for the individual losses (denoted
"R" for "roof"). The reason for this roof is that we expect that expensive buildings have also a
larger spatial extent, which reduces the probability for the entire building to be affected. It has
to be noted that inside a financial year k, the parameters for which the distribution reflects the
epistemic uncertainty (f, «, 5) and not a "natural variability” do not vary, in order to properly

reflect the uncertainty in the final outcome.

7.4 Results

7.4.1 Susceptibility map

The susceptibility maps obtained are given in fig. 7.4. As a comparison, a building density map
with the location of the inventoried events is also shown. By comparing these maps, it is possible
to observe that the municipalities of Bex, Gryon, Ollon, Ormont-Dessous and Ormont-Dessus are
especially affected, since relatively high building densities intersect with sinkhole susceptibilities.
On the other hand, the number of buildings located in the susceptible area is quite different for
the two maps since 1723 buildings are located inside a susceptible area in map A and 8 850 in
map B. It has to be mentioned that susceptibility map B extends slightly outside of the studied
municipalities (south of Bex and between Corbeyrier and Aigle), but the insurance data are not

available in these area.
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Figure 7.4: A: Susceptibility map A, established using the occurrences of sinkholes. B. Suscep-
tibility map B, established by (Champod, 2011) using the occurrence of evaporitic rocks. C:
Building density map showing the number of buildings per square kilometres in a 500 m radius.
The location of the inventoried past events is shown as well. D: Municipality names (Basemaps
(© Swisstopo and Etat de Vaud)
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7.4.2 [Event inventory

During the inventory process, we identified 32 buildings affected by sinkholes in the past (see
fig. 7.4 C for their location). The temporal extent of this inventory depends on the different
sources. A value of loss is available for 14 of the events. This value is whether the actual
reparation cost or an estimation if the reparations have not been performed. The results of the
inventory are very different from one municipality to another, according to the archives of the

municipalities and the persons in charge.

Frequency

Since it turns out that the inventory in each municipality comes from a unique source, the number
of events is compared to the temporal extent of this particular source. The frequencies are then
corrected with Eq. (7.1), using the construction year of the buildings. We consider, with this
correction, that no building has been dismantled during the period of time, which is an acceptable
simplification since the population is growing. The total frequencies obtained at this step are
presented in Fig. 7.5 ("Observed frequency"). These frequencies are then compared with the

number of buildings located in a susceptible area in each municipality (the procedure is done

)\mam

ohar) is observed in

separately for both maps). The maximum frequency per at-risk building (
Bex. Therefore, this value is multiplied by the number of at-risk buildings of each municipality,
which permits to obtain the "deduced frequencies" presented in Fig. 7.5. The sum of all these
frequencies provides a value of 2.67 events per year using map A and 4.02 events per year using
map B.

The transformation from observed frequency to deduced frequency is very significant for
some municipalities, such as Ollon, Gryon or Ormont-Dessus. In Gryon, the observed frequency
is multiplied by 11 and 8 respectively, although the inventory provided by the municipality
technical service seems quite exhaustive. In Ollon, the multiplication factor is very important,
but the person in charge of the technical service just arrived in the municipality and was for this
reason not able to provide some information. The only known case of building affected by a

sinkhole in Ollon has been provided by Lauraux SA.

Vulnerability assessment

One of the 14 events for which an amount of loss is available suffered a total destruction.
Therefore, the probability of total loss is estimated at Pr;, = 0.0714. The 13 other events are
used to fit a generalized Pareto distribution (Fig. 7.6). The cdf of parameters « and 3 are presented
in Fig. 7.7. The quantiles 0.5 % and 99.5 % of these parameters gives the 99 % confidence interval

given in Fig. 7.6, whereas the median value correspond to the best fit. As mentioned in Sect. 7.3.2,
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Figure 7.5: Frequency of building damaged by a sinkhole in each municipality of the study area.
The observed frequency (A7, ) is the one after the correction accounting for the growth of the
municipality building stock, as presented in step 2 of the list presented in Sect. 7.3.2, whereas the
deduced frequency (A7, ,,,..,) attributes the maximum frequency per at-risk buildings (observed
in Bex) to all the municipalities (step 4 of the list). The total deduced frequency (A% ) for
the area is 2.67 events per year using map A and 4.02 events per year using map B. The observed
frequencies are different for the two maps because the correction accounting for the growth of
the municipalities only considers the susceptible areas.

the vulnerability distribution used can take values above one, which is not realistic for a loss ratio.

Therefore, in such case, V; is considered to equal one.

7.4.3 Risk analysis

Risk analysis is performed using the frequencies deduced at Sect. 7.4.2, which are multiplied by
a factor representing the proportion of known events (item 6 of Sect. 7.3.2). This factor takes
whether the value of the best guess, 1.5 ("S"), or is distributed uniformly between 0.5 and 5 ("U").
This factor should theoretically not be below 1, but we consider here the possibility that the rate
defined in Bex might be too high for the other municipalities.

Regarding the loss ratio, the best-fit presented in Fig. 7.6 is whether used directly ("BF") or
the distribution of parameters retrieved from the definition of the confidence interval presented in
Fig. 7.7 is used ("CI"). In addition, all the combination have been tested with ("R") or without a

roof of CHF 1 million per event. This limitation only affects the part of the curve above 1 million.
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assess the loss ratio. The median value correspond to the best fit, displayed in red in Fig. 7.6. The
values of the 0.5 % and 99.5 % quantiles are used to draw the 99 % confidence interval in Fig. 7.6.
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Figure 7.8: Probability of exceeding a total loss amount in a financial year, obtained with different
approaches. Curves in grey have been obtained with susceptibility map B and show a similar
pattern as the colour curves, which have been obtained with susceptibility map A. The first letter
stands for a unique ("S") multiplication factor for the frequency or for a uniform distribution ("U").
Letters two and three indicate if the best fit ("BF") or the distribution of the parameters obtained
from the confidence interval ("CI") are used for the parameters « and 5 of the generalized Pareto
distribution. The values indicated inside the square brackets correspond respectively to the
quantiles 0.5 % and 99.5 %. Finally, the "R" in 4th position indicates that a roof of 1 mio per loss
event is used (dashed curves).

The results are presented in Fig. 7.8 as a exceedance probability curve and in table 7.1 in
terms of mean, median and values for specific probabilities. The set of curves using Susceptibility
map B is shown in grey, but apart from the fact that the expected losses are higher, they show a
similar pattern as the other curves. A large separation is visible between the curves obtained with
a unique multiplication factor and the curves obtained with a range of values. The generally lower
values obtained with the unique value arise from the fact that this value (1.5) is significantly below
the mean of the range (0.5-5). Compared to the values obtained with the best fit, the distribution
obtained using the distribution of the generalized Pareto parameters tend to be more spread,
which corresponds to the expectation. The difference is however relatively small (comparing for
example the mean and median values). Finally, all the curves with a roof at 1 million CHF show
a discrepancy above this value, which is significant in terms of average loss, since the extreme

events are limited.

According to all the simulations, few years should see no loss at all, whereas a value of CHF

2 million should be exceeded every 3—100 years, depending on the curve used.
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Table 7.1: Average and median annual losses using the different approaches (see Fig. 7.8 for
the abbreviations). P(L) = 0.1, P(L) = 0.05 and P(L) = 0.01 correspond to the total losses
that have a probability of respectively 10 %, 5 % and 1 % to be exceeded in a year. Values are in
million CHF.

Susceptibility map A | SBE SBFR SCI SCIR UBF UBFR  UCI UCIR
Average [MCHF/year] 0.528 0.451 0562 0474 0966 0.827 1.027 0.868
Median [MCHF/year] 0.289 0289 0.280 0280 0.641 0.641 0.624 0.624

P(L) =0.1 [MCHF/year] | 1.227 1.114 1350 1.182 2.179 1.856 2424 2.026
P(L) = 0.05 [MCHF/year] | 1.739 1.374 1938 1.507 2966 2275 3.367 2.551
P(L) =0.01 [MCHF/year] | 3.621 2.000 3.995 2211 5471 3.141 6.183 3.687

Susceptibility map B ‘ SBF SBFR SCI SCIR UBF UBFR UCI UCIR
Average [MCHF/year] 0.940 0.748 0999 0.782 1.721 1369 1.832 1.431
Median [MCHF/year] 0.591 0591 0.589 0.589 1209 1.175 1.176 1.143

P(L) =0.1 [MCHF/year] | 2.013 1.598 2.240 1.743 3.703 2.832 4.173 3.122
P(L) = 0.05 [MCHF/year] | 2.876 1954 3.226 2.160 4.977 3385 5702 3.855
P(L) =0.01 [MCHF/year] | 5919 2.667 6.516 3.036 8.893 4.496 10.025 5.414

7.5 Discussion

Performing a risk analysis is often tricky, since standardized and complete inventory of past events
— focused on affected buildings or on the natural process itself — are frequently not available.
Furthermore, little information on vulnerability is generally available. This is especially the case
for sinkholes, since no information on the vulnerability of buildings regarding this phenomenon
has been found in the literature. In addition, would it exists, it might be inapplicable in a study
area if defined somewhere else. However, since risk analysis is essential for the insurances, but
also for the administrations, it needs to be performed anyway, taking care of the uncertainties and

simplifications.

Using a Monte-Carlo analysis permits to account for part of the uncertainties and to estimate
the variation of the losses over the year. Indeed, risk could also be calculated using the mean loss
value of the event inventory (CHF 139,000) multiplied by a frequency of 4.01 or 6.03 events per
year (f = 1.5). Doing this, the mean risk would be respectively 556 695 and 838 170 CHF/year,
which is close to the average obtained with the methods using a single value for f. However, this
would not permit to retrieve the loss distribution, which is useful for the insurance company since
it allows estimating the needed reserves. Furthermore, it permits to estimate, after a few years of
insurance coverage, if the compensations demanded to the insurance company are coherent with

the analysis or if the parameters need to be adjusted.
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In the present case study, the largest source of uncertainty is most probably the frequency
of sinkhole events damaging a building. Indeed, the correction applied at the municipality level
considers that all susceptible areas have the same hazard. Furthermore, the susceptibility maps
are relatively simple and do neither take into account the local conditions (e.g. hydrogeology),
human influence (see Gutiérrez et al., 2008a) or local sinkhole size-frequency distribution. This
possible bias is supported by the fact that the application of the Bex rate to Gryon gives a
frequency of sinkhole events damaging a building largely higher than the frequency deduced from
the municipality data, which seems yet exhaustive. However, damages to buildings, when not
spectacular, can be unnoticed by the technical service or by the elders, which have been consulted
in this municipality. This is supported by the fact that according to the best fit (Fig. 7.6), 52 % of
the losses represent less than 10 % of the building value. When it comes to Ollon, the past events
are not known, but sinkholes close to buildings can be observed. Therefore, it is obvious that a
risk exists, but since no data is available, it is impossible to know if the deduced frequency is
realistic. As a result, a large uncertainty affects the frequency, and an over-estimation is possible
according to the observations in Gryon. Finally, the correction factor f is based on an estimation
and no observations allows to validate this factor. Therefore, the use of a relatively large range of
possible values is advised.

The uncertainty on the susceptibility maps is addressed by using 2 maps. Although none
of them gives directly information on the dissolution activity, map A gives a partial indication
through the occurrence of sinkholes. This map is however limited in urbanised areas and map
B is more representative in these areas, although it is generally more conservative. The results
obtained with these two largely different susceptibility maps are comparable, which shows that
the influence of the susceptibility map is relatively limited in the analysis. Furthermore, the
comparison of susceptibility maps performed by Galve et al. (2009) shows that the proximity to a
sinkhole is the best proxy for the susceptibility. Therefore, the exclusion of other parameters is
expected to have a very low impact.

For the frequency modelling, the use of a Poisson distribution relies on the hypothesis that
the loss events are independent in time. As a result, it considers that a single event can’t impact
two or more buildings at the same time. This assumption is likely true for most of the cases, but
some of them concerned several buildings. However, this has no effect on the average annual
loss, but only on the distribution over the year. Furthermore, the large sinkholes affecting several
buildings often have a progressive movement, which means that the affected buildings might
need to be repaired at different time. Therefore, the assumption behind the use of a Poisson law
is not completely met, but has a limited impact on the results.

When it comes to the distribution of loss ratios, the lack of data makes the prediction difficult.

The use of a confidence interval is then recommended, although is doesn’t greatly affect the results
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in this case. Furthermore, it is important to remember that a 99 % confidence interval doesn’t
mean that the "real" distribution lies within the interval for sure, neither does it mean that the
type of distribution used is the best choice. In addition, no uncertainty has been used on the total
loss probability, but it might be cautious to use one. However, since the ratio obtained from the
generalized Pareto distribution are lowered to one if the retrieved value is higher, the proportion
of loss ratio equal to one is actually often higher than Pry, and varies from one simulation to the
other. Another limitation of the loss ratio distribution is that this evaluation takes into account the
past and present building stock, but the building’s vulnerability might vary in the future if the
construction methods change. This will be the case since constructive measures will be demanded
by the insurance company for every new building in a hazard zones.

The limitation of the individual loss event to 1 million CHF produces a sensitive change in the
higher values of the distributions. This limitation seems however fair for the reasons described
above. Furthermore, only 15 % of the at-risk buildings have a value above 1 million CHF, which
supports the fact that the difference is the result of relatively few events. At the same time, the
limitation of the vulnerability to one might be a bit too low, since it is cheaper to build a new
building on a virgin terrain than if a damaged building has to be removed first. The insurance
company can indeed give a compensation up to 115 % of the building value in case of important
dismantling cost.

In view of the above discussion, we recommend to use the "UCIR" curves (Fig. 7.8), taking
into account the range of multiplication factor for the frequency of sinkhole events damaging a
building, the confidence interval for the loss ratio distribution, and the roof at 1 million CHF for
each individual loss event. Using map B, which is more conservative, especially in urbanised
areas, the average value of 1.431 million CHF/year would represent, for the insurance company,
an increase of around 1.6 % of the aggregated losses, which has been of around 90 million CHF
per year over the last 5 years, including fire as well (ECA, 2015). The inter-annual variation is
relatively small due to the limited size of the events and to the absence of potential for very large
events. Indeed, the value of 5.41 million CHF is expected to be exceeded on average once every
hundred years, but is only 4.7 times the amount that is expected to be exceeded every two years
(1.14 million CHF).

Another limitation of this study is that the limestones are not considered. This could seem
unwise, but as mentioned in the introduction, no losses were known on limestones at the time
of the study, and fewer and cheaper buildings are located on limestones than on evaporite.
However, ongoing investigations of the building insurance company suggest to be careful with
this hypothesis, since a relatively important number of buildings are damaged in limestone karst
areas. As mentioned in the introduction, the damage cause is currently unknown, but this region

will request a special attention in the first few years after the beginning of the insurance cover.
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Finally, no validation of the results is possible yet. This is generally inherent to risk analysis,
which can only rely on a careful estimation of the parameters, taking as much as possible all
available sources of information into account. In addition, the assessment and communication
of the uncertainty allows to reflect the state of knowledge of the system. As a consequence,
future events need to be carefully collected, in order to enrich the database and to adjust the risk

estimation.

7.6 Conclusion

This article presents a method that permits to perform a risk analysis in an area with relatively
little information on the hazard. In this case, building an inventory of past sinkhole events
damaging a building events seems to be the best data to estimate the risk, since it permits to
estimate the event’s frequency and the loss ratios. However, an inventory like this needs to be
handled carefully, since it is biased in many ways. Therefore, we perform different corrections in
order to reach a frequency of sinkhole events affecting a building as close as possible to the actual
value. In addition, we add an uncertainty distribution on most of the risk analysis parameters,
in order to get a distribution of annual losses and to estimate the probability for the losses to be
above a given value.

A proper validation of the results is not possible yet, but, as a conclusion, this study highlights

the importance of recording the past events, in order to constraint future analysis.

Appendix

List of variables



166 Chapter 7: Evaporite sinkhole risk for a building portfolio

Table 7.2: Variable names

Name Dimension Description
. Number of damaged building inventoried in munici-
A‘Z‘CL’LU 1 y
pality j
X Number of damaged building inventoried in munici-
obs pality j corrected for the building stock variation
o Number of damaged buildings deduced for munici-
. damaged building
A iced year pality j using the maximum frequency per at-risk
building observed in the area (A);2*
Atetal Sum of the A7, . of all municipalities
Alptal . corrected with a multiplication factor f ac-
igiilected counting for the fact that only a fraction of the actual
number of buildings damz(liged by sinkholes is known
Number of damaged building collected in the inven-
N tory for municipality j, corrected for the building
obs stock variation and divided by the number of at-risk
damaged building buildings
—risk buildi . ; ,
maz yearxabrisk bulAe | Maximum value of N, obtained among all the mu-
obs nicipalities
Multiplication factor accounting for the assumed pro-
f portion of known event in the municipality with the
; J
highest A7, .
fmin B Lower bound of f if the latter is uniformly distributed
fmaz Upper bound of f if the latter is uniformly distributed
n Number of years covered by the inventory
Yo - First year covered by the inventory
Yn Last year covered by the inventory
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Table 7.2: Variable names (continued)

Name Dimension Description
N Number of buildings in municipality j in year [ €
! [yﬂv yn]
Ngn Number Number of buildings in municipality j in year y,,
of
NI buildings Current number of buildings in municipality j
Number of buildings affected in an iteration of the
NBuild
model
Conditional probability for a damaged building to be
Prr - completely damaged (i.e. loss value equalling the
building value)
Vi - Loss ratio of building ¢
Ly CHF/year Total losses in simulation &
i index representing a building
j index representing a municipality
k index representing an iteration of the simulation
[ index representing a year
random variable [0,1] changing in every iteration k
X1
used to sample a value of f
x random variable [0,1] changing in every iteration k
k2 used to sample a value of Nyy;14
random variable [0,1] changing in every iteration k
X3 -
used to sample a value of « and 3
random variable [0,1] changing for every affected
X building ¢ used to determine if the loss for building ¢
will equal the value of the building
¥ random variable [0,1] changing for every affected
i2

building ¢ used to sample the loss ratio distribution
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Table 7.2: Variable names (continued)

Name Dimension Description
Shape parameter of the generalized Pareto distribu-
o
tion used for the loss ratios
3 Scale parameter of the generalized Pareto distribution
used for the loss ratios
Ho Mean value of the normal distribution used for «
- Standard deviation of the normal distribution used
o
“ for o
g Mean value of the log-normal distribution used for 5
Standard deviation of the log-normal distribution
o
8 used for 3
W; Insured value of building ¢
CHF
W ot —risk Set containing all the at-risk building values




Chapter 8

Shallow landslide’s stochastic risk
modelling based on the precipitation
event of August 2005 in Switzerland:

results and implications

Foreword

This chapter has been published as:

Nicolet, P., Foresti, L., Caspar, O., and Jaboyedoff, M.: Shallow landslide’s stochastic
risk modelling based on the precipitation event of August 2005 in Switzerland: results
and implications, Nat Hazard Earth Sys, 13, 3169-3184, doi:10.5194/nhess-13-3169-
2013, 2013.

Abstract

Due to their relatively unpredictable characteristics, shallow landslides represent a risk for human
infrastructures. Multiple shallow landslides can be triggered by widespread intense precipitation
events. The event of August 2005 in Switzerland is used in order to propose a risk model to
predict the expected number of landslides based on the precipitation amounts and lithological
units. The spatial distribution of rainfall is characterized by merging data coming from operational
weather radars and a dense network of rain gauges with an artificial neural network. Lithologies

are grouped into four main units, with similar characteristics. Then, from a landslide inventory
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containing more than 5000 landslides, a probabilistic relation linking the precipitation amount
and the lithology to the number of landslides in a 1km? cell, is derived. In a next step, this
relation is used to randomly redistribute the landslides using Monte Carlo simulations. The
probability for a landslide to reach a building is assessed using stochastic geometry and the
damage cost is assessed from the estimated mean damage cost using an exponential distribution
to account for the variability. Although the model reproduces well the number of landslides, the
number of affected buildings is underestimated. This seems to result from the human influence
on landslide occurrence. Such a model might be useful to characterize the risk resulting from

shallow landslides and its variability.

8.1 Introduction

Shallow landslides often represent a risk for housing, people and infrastructures. Compared
with deep-seated landslides, shallow landslides usually trigger spontaneously, flow at higher
speed and are not likely to affect repeatedly the same location due to the changes in soil stability
conditions (e.g. van Westen et al., 2006; Corominas and Moya, 2008). Consequently, most
research efforts focus on the prediction of their exact location and, less frequently, their timing.
Several methods for the mapping of landslide susceptibility exist and are based on physical
models (e.g. Pack et al., 1998; Montgomery and Dietrich, 1994; Godt et al., 2008) or statistical
approaches (e.g. Carrara et al., 1991). Since rainfall has been recognized as being a frequent
triggering mechanism (e.g. Wieczorek, 1996), many authors, following Campbell (1975) and
Caine (1980), proposed early-warning systems based upon criteria of precipitation intensity and
duration (e.g. Guzzetti et al., 2008). Other studies also use the antecedent precipitation as a
proxy for considering the groundwater level preceding the precipitation event (Crozier, 1999;
Glade et al., 2000). More direct approaches are based upon the real-time monitoring of soil
moisture (Matsushi and Matsukura, 2007; Baum and Godt, 2010) or the use of transfer functions
to estimate the soil water content from precipitation measurements (Cascini and Versace, 1988;
Capparelli and Versace, 2011; Greco et al., 2013).

Many rainfall-induced large landslide events have been recognized worldwide, for example in
Italy (Crosta, 1998; Crosta and Frattini, 2003; Crosta and Dal Negro, 2003; Cardinali et al., 2006;
Gulla et al., 2008), Spain (Corominas and Moya, 1999), the USA (Campbell, 1975; Whittaker
and McShane, 2012), New Zealand (Crozier et al., 1980; Glade, 1998; Crozier, 2005), Taiwan
(Yu et al., 2006), the Portuguese island of Madeira (Nguyen et al., 2013) and in Switzerland
(Bollinger et al., 2000).

Despite the numerous contributions to the physical understanding of the phenomenon itself

(for a broad reference list, although not up to date, see De Vita et al., 1998), studies on the
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assessment of landslide risk are less commonly found in the literature. Examples of quantitative
risk analysis (QRA) at regional scale can be found in Cardinali et al. (2002), Remondo et al.
(2005) and Catani et al. (2005). However, these studies provide a mean annual risk with no
information on the expected distribution of annual costs. More recently, applications of regional-
scale QRA providing exceedance probabilities were presented in Jaiswal et al. (2011) and Ghosh
et al. (2012). Although most of the QRA methodologies are developed for local or regional scales,
some of them, for example Catani et al. (2005), might be generalized to a larger area.

Switzerland was affected in August 2005 by a rainfall event with measured precipitation
reaching 324 mm in 6 days. Although floods were the main cause of damage, more than 5000
landslides were reported (Raetzo and Rickli, 2007). Landslide-induced damage has been estimated
by Hilker et al. (2007) at CHF 92 million (USD 99 million; debris-flows not included) and
represents 4.5 % of the total damage cost.

As already mentioned by Jaboyedoff and Bonnard (2007) and by Rickli et al. (2008), landslide
density was highly correlated with the total precipitation amount. Following their ideas, this
article proposes a risk model for shallow landslides based on the event of August 2005. The
input parameters of the model include a rainfall and a lithological map. The map of 6 day rainfall
accumulations is constructed by interpolating a high resolution rain gauge network using weather
radar data as external drift. A geotechnical map is interpreted in order to group different units
into 4 main lithological settings. The expected number of landslides is predicted as a function
of rainfall level conditional to the lithological type. A geometrical probability concept is then
employed to predict the potential number of landslides affecting buildings and the corresponding
damage cost.

The paper is structured as follows. Section 8.2 details the rainfall event of August 2005
in Switzerland both from a meteorological and lithological viewpoint. Section 8.3 explains
the methodology to assess the landslide probability as a function of rainfall accumulation and
lithological context. Section 8.4 presents the risk analysis results in terms of expected number of
landslides, number of affected buildings and associated cost. Finally, Sects. 8.5 and 8.6 discuss

and conclude the paper.

8.2 The rainfall event of August 2005 in Switzerland

8.2.1 Study area

The study area covers the entire Swiss territory (around 42 000 km?, which extends from the Jura
Mountains in the northwest, to the Alps, in the southeast, through the Molassic Plateau, where

most of the population is concentrated. Special attention is given to the location where most of
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the landslides occurred, which is the central part of Switzerland, between the cities of Bern and
Lucerne (Fig. 8.1). Landslides occurred in the tectonic units described below (Triimpy, 1980;
University of Bern and FOWG, 2005a,b), which are listed along a northwest—southeast direction

(perpendicularly to the geological structures).

e Upper freshwater molasse from middle and early upper Miocene (consisting of floodplain

sediments including puddings, sandstones and silty shales).

e Other types of molasse (narrower areas of upper marine molasse, lower freshwater molasse

and lower marine molasse, the lower part of this series being in sub-Alpine position).
e Sub-Alpine flysch.
e Upper Penninic flysch (Schlieren flysch).

e Ultrahelvetic and Helvetic nappes (including Tertiary shallow marine formations and

Cretaceous limestones from the Wildhorn nappe and Jurassic limestones from the Axen

nappe).

The bedrock is mostly covered by soil (regolith) and loose materials. Most of these shallow and
superficial formations have not been mapped, except for the cases where the formation reaches a
sufficient extension or thickness to be considered relevant at the map scale. This is for example
the case of morainic material deposited by the glaciations during the Quaternary, which is visible
at several places, especially on the plateau (Triimpy, 1980). The properties (e.g. mechanical,

hydrological) of the local soils strongly depend on the underlying bedrock.

8.2.2 Description of the precipitation event

The rainfall event of August 2005 in central and eastern Switzerland resulted in severe damage
due to flooding and induced slope instabilities (Rotach et al., 2006). The presence of the Alps
played a key role in controlling the spatial distribution of rainfall due to orographic precipitation
enhancement processes. Persistent precipitation patterns were mostly found on the exposed
upwind slopes under northerly and northeasterly flow conditions as studied by Foresti and
Pozdnoukhov (2012) and Foresti et al. (2012). In particular, the stratiform precipitation was locally
enhanced by smaller-scale orographic features leading to persistent initiation and enhancement of
the embedded convection.

The most intense period of the event was observed between 21 and 22 August. Driven by
cyclonic conditions during the first day, the moist air from the Mediterranean Sea circumvented

the Austrian Alps and started approaching slightly crosswise the northern slopes of the Swiss
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Figure 8.1: Number of landslides in 1km? cells (after Raetzo and Rickli, 2007). White circles
represent the Berner Oberland and Entlebuch regions (hillshade: © Swisstopo).

Alps from the east. The atmospheric flow gradually turned from easterly to northerly conditions
during the second day. The reduced supply of air moisture was compensated by a stronger
upslope rainfall enhancement which extended the duration of precipitation. The return period for
48 h rainfall accumulations largely exceeded 100 yr at several weather stations mostly located
in the Berner Oberland (Rotach et al., 2006). It is worth mentioning that the uncertainty of this
estimation is quite important as an event of such intensity was never observed in the past at the

considered weather stations.

8.2.3 Landslide inventory

As a consequence of this extreme rainfall event, many shallow landslides were triggered, mainly
in the Entlebuch part of Lucerne canton and in the Bern canton. Some deep-seated landslides
were observed as well and are mainly located farther southeast. A landslide inventory has been
collected by Raetzo and Rickli (2007) from cantonal authorities’ information and contains 5756
landslides. Although some additional attributes such as the exact timing have been registered for
some of the landslides, we only dispose of the version provided in the above publication and, as a
result, we only know the approximate location. However, the Federal Office of the Environment
(FOEN) also provides to the cantonal authorities a tool to register the events (FOEN, 2012). An
extract of this database has been provided by the FOEN, but contains less landslides than the
one built by Raetzo and Rickli (2007), since some of the cantons report every landslide, whereas
others only report one point for each set of close landslides. The uncertainty about the location of

landslides complicates the analysis of their geological context.
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Figure 8.2: Relative and cumulative frequency of the distance travelled by 148 landslides (Raetzo
and Rickli, 2007).

Statistics on the landslides can be found in Raetzo and Rickli (2007) and in Rickli et al. (2008)
and investigations on specific sites in Mueller and Loew (2009) and von Ruette et al. (2011).
The travel distance of shallow landslides has been analysed for 148 cases and ranges from a few
metres up to 500 m (Raetzo and Rickli, 2007). Around 75 % of the landslides travelled less than
100 m and 90 % less than 200 m (Fig. 8.2).

8.2.4 Damage

According to the Swiss Federal Institute for Forest, Snow and Landscape Research WSL, the
2005 event has been the most costly since the beginning of the collection of damage data in 1972,
with a total damage cost estimated at CHF 1.83 billion (around USD 2 billion). On the other
hand, in spite of being the most important event recorded, other years have been equally or more
damaging regarding landslides in the past 40 yr (Hilker et al., 2009; WSL, 2012).

Hilker et al. (2009) divided the damage values into three categories according to the cause,
namely floods, debris flows and landslides (including mudflows). Landslides represent around
4.5 % of the total cost and affected private properties (22 %, CHF 16.3 million) and public
infrastructures (88 %, CHF 75.6 million) (Hilker et al., 2007). Private damage includes damage to
buildings as well as furniture, vehicles, other property damage and loss of profits. Comparatively,
public damage includes damage to waterways, roads (except small ones), railways, farming and

forests. In addition to economic consequences, six casualties are to be deplored.
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8.3 Risk modelling methodology

8.3.1 Introduction

Risk is defined by Einstein (1988) as
Risk = hazard x potential worth of loss, (8.1)

where the hazard is the “probability that a particular danger occurs in a given period of time” and
the potential worth of loss characterizes the estimated potential loss caused by an event of given
intensity, which depends on the economic value and vulnerability of the object. We prefer to
define hazard in terms of frequency, rather than in terms of probability since we are dealing with
events that can be considered as repetitive over a large area (van Westen et al., 2006). Indeed, if
the events are repetitive, Kaplan (1997) suggests to use the frequency rather than the probability
(or the frequency expressed as a probability distribution), which is also more rigorous since risk
is expressed in terms of cost per year.

The methodology described hereafter is a partial risk calculation. Indeed, a single precipitation
event is used as an input, which does not allow accounting for the temporal component of the
hazard. However, the hazard is considered by its spatial aspect. In a first phase, the spatial
distribution of the total rainfall accumulation is estimated using data from a dense network of rain
gauges and 3 additional operational C-band weather radars (Sect. 8.3.2). The second phase studies
the statistical distribution of landslides as a function of precipitation accumulation and lithological
type (Sect. 8.3.3) and is used to estimate the probability of landsliding in 1 km x 1 km cells given
the occurrence of the precipitation event. These first steps do not however completely consider
the spatial aspects of the hazard. Indeed, the exact location as well as the propagation probability
are virtually assessed using principles of stochastic geometry, and represent the probability of
buildings to be affected by circular landslides within a given cell. The potential worth of loss is
then assessed by using the estimation of the mean cost of the event and by artificially adding a
variability accounting for the diversity of the element at risk values and vulnerabilities, as well as
the landslide intensities (see Sect. 8.3.4).

8.3.2 Spatial analysis of rainfall

MeteoSwiss operates an automatic network of 76 weather stations and a dense network of
additional 363 rain gauges. The automatic network measures rainfall with a temporal resolution
of 10 min while the second only reports daily accumulations from 05:40 to 05:40 UTC of the

next calendar day. An additional network of 3 C-band radars is used to measure precipitation
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with higher spatial resolution. The operational radar data processing chain for quantitative
precipitation estimation (QPE) at MeteoSwiss includes the removal of ground clutter, correction
for the vertical profile of reflectivity in connection with the bright band effect, climatological
rain gauge adjustment, the interpolation from polar coordinates to a Cartesian grid, and the use
of a fixed climatological Z—R relationship (refer to Germann et al., 2006, for more details). A
geostatistical method for real-time adjustment with rain gauges was only recently implemented
by Sideris et al. (2013). For long-term evaluation of the radar QPE accuracy against rain gauges
refer to Gabella et al. (2005). The radar QPE product used in this paper is a 1 km x1 km grid of
the rainfall accumulation during the period 18-23 August 2005.

Despite these corrections, the product still contains residual ground clutter and biases due
to the blockage of low level radar beams, particularly in the inner Alpine valleys. To partially
account for these issues, an artificial neural network was applied to blend the radar-based QPE
map with the rain gauge rainfall accumulations. A 3-H-1 multiLayer perceptron (MLP) was
trained to predict the rainfall amount observed at the rain gauges as a function of 3 variables:
the geographical location represented by the Swiss easting and northing coordinates and the
radar QPE product which acts as an external drift. The geographical coordinates account for
the observed biases between rain gauges and radar-based QPE, which show a significant spatial
dependence. A conjugate gradient algorithm was employed to train the network. A low number
of hidden neurons H = 6 was chosen to obtain a smooth representation of the spatial rainfall
biases. The optimal model was selected by minimizing the leave-one-out cross-validation root-
mean-square error (RMSE). A randomly sampled test set of 137 stations was kept to evaluate the
expected prediction RMSE, which is of 25.3 mm. No quantitative assessment of the performance
of the MLP model against geostatistical approaches (e.g. (Sideris et al., 2013)) was carried out.
Some preliminary comparisons with kriging with external drift and additional details on the
MLP model are reported in Foresti et al. (2010). The regularized MLP solution is a smooth
compromise between the radar and rain gauge measurements. This allows being robust to local
radar overestimations due to ground clutter and the different sampling volume of radar and rain
gauge measurements. The Machine Learning Office software was used for the computations
(Kanevski et al., 2009).

Figure 8.3 illustrates the spatial analysis of the rainfall accumulation from 18 to 23 Au-
gust 2005. The highest accumulations are observed on the northern slope of the Alps, in particular
along a line from the Berner Oberland to the mountain range of Saentis. The spatial distribution
of landslides is strongly correlated to the spatial distribution of rainfall amounts. The remaining
unexplained spatial variability is due especially to the local geological and morphological settings,

which control the sensitivity of the soil to the input rainfall.
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Figure 8.3: Total rainfall accumulation from 18 to 23 August 2005 [mm] estimated by MLP.
Dots represent the stations used for the interpolation. The dashed area (Berner Oberland) and the
triangle (Saentis) correspond to the end points of a line segment representing the regions with the
highest rainfall accumulation.

8.3.3 Landslide distribution

In order to improve the georeferencing of the landslide localization extracted from Raetzo and
Rickli (2007), the StorMe database (FOEN, 2012) has been used as a reference. The points
known to correspond to multiple landslide events in the latter database have been removed. The
remaining points are then supposed to correspond to a subset of the first landslide map. As a result,
each point of the StorMe database should have its equivalent in the landslide map. The distance
from each point of the StorMe database to its nearest neighbour in the landslide inventory has then
been reduced by optimizing 2 scale and 2 position factors affecting the coordinates of the points
in the landslide inventory. For the optimization, the median distance was preferred to another
parameter, such as the RMSE, in order to ignore potentially remaining points corresponding to
multiple landslides. The median distance obtained after optimization is 104 m. To be consistent
with the precipitation map, the landslide points have been transformed into a raster grid with a

resolution of 1 km x 1km, by counting the number of landslides in each cell (Fig. 8.1).

To establish a predictive relation linking the precipitation amounts and the lithological type
to the landslide probability, a categorical lithological information should be coded into a set of
variables describing the presence of a given lithological type into a cell. For this purpose, the
geotechnical map of Switzerland has been used (SGTK, 2012). This map combines the shape
of the 1 : 500 000 geological map (University of Bern and FOWG, 2005b) with the attributes of
the four 1 : 200 000 geotechnical maps (de Quervain and Frey, 1963, 1965, 1967; de Quervain
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Figure 8.4: Probabilistic lithological maps showing the proportion of each lithological unit.
Values range from green (lithological group slightly present) to blue, whereas white means that
the lithological group is non-existent in the cell; (A) limestone formations (LF); (B) crystalline
formations (CF), (C) flysch, loose material (except moraine), marls and claystones (FLMC),
(D) molasse and moraine (MM) and (E) total. In map (E), white tones mark the absence of
lithological formations (i.e. lakes, glaciers) and other countries, while green tones depict their
partial presence within the model cell, which occurs when the cumulative proportion of the 4 units
is below 1.

and Hofminner, 1964). The purpose of the latter maps is to transmit the geological information
relevant for non-geologists involved in different activities dealing with the ground, especially for
civil engineering. The map has been simplified into 4 units, loosely based on the 6 units used by
Rickli et al. (2008) to assess the landslide density distribution of the event:

e limestone formations (LF),

e crystalline formations (CF),

e flysch, loose material (except moraine), marls and claystones (FLMC),
e molasse and moraine (MM).

The vector map is transformed into 4 raster maps displaying the proportion covered by the

lithological groups in each cell (Fig. 8.4a—d). These products do not allow to relate directly each
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Figure 8.5: Schematic transformation of the vector geotechnical map into 4 grids containing the
proportion of each lithology individually and, then, into 4 grids which give, for each cell, the
lithological units’ cumulative distribution. A lithology is assigned at each model iteration by
choosing a random number 0 < u» < 1. In this example, if u = 0.5, the second geology would be
assigned, since 0.1 < u < 0.7.

landslide to only one lithological unit. Therefore, in order to take into account the uncertainty
on the lithology involved in each landslide, a stochastic strategy is employed. A lithology is
randomly assigned to each cell according to the initial lithological proportions. This is achieved
by sampling a random variable 0 <= u <= 1 and comparing it to the cumulative probability
distribution of lithology classes (Fig. 8.5). This operation is performed several times to average

the results.

Cells that contain water (lakes or glaciers) or that are located on the Swiss border have a
cumulative value below 1, since the lithology polygons only cover a fraction of the surface
(Fig. 8.4e). As a result, if the random value u is above their total cumulated value, they are
not taken into account in the iteration. To build the probabilistic relation, the total number of
landslides considered might then be lower than the actual number of landslides. To account for
this effect, the landslide map is divided by the cumulated value of the lithological grids. This
operation actually expresses the landslide map in terms of the number of landslides per km?,
since the cumulated value of the lithological grids is the surface of land (in km?).

The precipitation field has been divided into 6 classes to have a sufficient number of landslides
in each class while being enough discriminative in terms of precipitation levels. As visible in
Fig. 8.6, the histogram is highly skewed and only 10 % of Switzerland exceeds 200 mm of rain.

Figure 8.7 summarizes the data processing workflow. The output of the model is a cumu-

lative distribution of the expected number of landslide given the geology and the precipitation
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Figure 8.6: Cumulative distribution of the spatial precipitation amounts. Dots show the limits of
the 6 classes and are rounded to the upper value.

amount. To allow a generalization of these results, gamma distributions were fitted to the data by
minimizing the RMSE between the observed and modelled distributions in order to model the
number of landslides as a function of precipitation amount. The 2 parameter form of the gamma

cumulative distribution function is given by (Johnson and Kotz, 1970)

F(z) = 1 / RGP BY (8.2)
60‘F(OJ) 0 ’

where « is the shape parameter, (3 is the scale parameter and I'(x) is the generalized form of

the factorial function, such as I'(z) = (z — 1)!if x is a positive integer. The gamma function is

defined as

I(z) = /0 T ety (8.3)

Since the gamma distribution is a continuous distribution whose domain is 0 — oo, it is
not exactly suitable to fit discrete data, especially as the most frequent number of landslides is
expected to be x = 0 and as F'(z = 0) is null, whatever the values of « and 5. As a workaround
for these issues, the distribution has been virtually modified to extend the definition domain from

—1 — oo as:

1 z+1 ¢
— (a=1)~5
F(z) ﬂ“l“(a)/o t e Adt. (8.4)

This modification is virtual since the distributions’ fitting is made by shifting the = values,
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Figure 8.7: Flow diagram showing the assessment methodology used to obtain the cumulative
frequency of the number of landslides per lithological unit and precipitation class.

i.e. by using the value F'(z = 0) for x = 1, which is easier than modifying the function. The
consequences of this modification are discussed below.

To estimate the predictive ability of the model, a second part consists in using the distribution
of the number of landslides according to the precipitation class and lithology previously assessed
to simulate different potential consequences of the precipitation event using a Monte Carlo
approach. This step illustrates the uncertainty of the model on the consequences of a given
precipitation event. Indeed, since we consider that the landslides are controlled only by the
precipitation and the lithology, this step gives the variability resulting from this simplification.
The workflow of this step is given in Fig. 8.8. Both the raw distributions and the gamma
distributions are used.

Since gamma parameters have been fitted with shifted values, the unmodified inverse distribu-
tion will overestimate the number of landslides. However, as the gamma distribution is continuous
and as we need to obtain the number of landslides in integers, the results of the inverse function
for a given quantile can be rounded down to be consistent with the original data. Matlab® was
used to iteratively derive the gamma cumulative distribution as there is no analytical solution
(Johnson and Kotz, 1970).

8.3.4 Impact assessment

The impact assessment consists of two main steps, which are evaluating how many buildings will
be reached and estimating an associated cost.

In order to assess the number of affected buildings, geometrical probabilities are used. The
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Figure 8.8: Flow diagram showing the assessment methodology used to obtain the number of
affected buildings.

concept used in this model is inspired from Buffon’s clean tile problem, which consists of
calculating the probability for a coin to fall on the crack separating two tiles of a paved ground
(Mathai, 1999; Weisstein, 2013). For square tiles, the probability that a circular coin of diameter
d falls completely inside a square of side [ (with [ > d), is given by the ratio of a square of side
[ — d with the tile of side . The smaller square corresponds to the tile eroded by a buffer of size
d/2 (Fig. 8.9, left). Therefore, the probability for the coin to fall on the crack is the ratio of the
area between the plain and the dashed lines (1> — (I — d)?) and the area of the bigger square.
Buffon also investigated the “needle problem”, which consists of calculating the probability that
a needle falling on a ground made of infinite parallel strips of equal width falls on one of the lines
(Mathai, 1999). In contrast, the falling object is, in the needle problem, not only characterized by
the position of its centre, but also by its orientation. As a result, dilating the lines by a buffer is
not suitable to solve the problem and Buffon’s solution cannot be straightforwardly extended to

other objects than the straight lines.

To assess the conditional probability for a landslide to reach a building, the coin of Buffon’s
problem is replaced with circular landslides of diameter d, and the cracks between the tiles are
replaced with the actual buildings (Fig. 8.9, right). Therefore, adding a buffer of a distance d/2
to the buildings allows one to compare the area covered by the expanded buildings with the total

area, which corresponds to the conditional probability for a landslide to reach a building. At this
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Figure 8.9: Left: Buffon’s clean tile problem (modified from Mathai, 1999). The probability
for the coin to touch the limit of the tile is given by the ratio between the dashed square
(area = (I — d)?) and the plain square (area = [2). Right: The probability for a circular landslide
of diameter d to reach a house is given by the ratio of the buildings expanded with a d/2 buffer
(a) with the total area (A).

step, it is considered that the landslide has the same probability to occur anywhere inside the
considered area.

Assuming circular landslides is a simplification which might have consequences on the
model, since, as illustrated by the needle problem, an elongated shape is more likely to affect the
buildings. Moreover, the shape of the landslides is expected to be elongated. As a consequence,
the circle diameter is set to 200 m in order to completely include 90 % of the landslides, since the
distance measure corresponds to the largest dimension (Fig. 8.2), i.e. the length of the landslide.
This diameter results in an overestimation of the landslide surface, but it takes indirectly into
account the landslide geometry and provides a slightly pessimistic risk estimation in terms of the
number of affected buildings. Thus, a 100 m buffer has been added to the 1 814 667 buildings
extracted from the vectorized landscape model of Switzerland (Vector25, ©swisstopo). Then,
the total surface has been compared with each cell surface to obtain the impact probability. It
has to be mentioned that impact is only considered with a Boolean approach, which means that a
landslide can affect a building or not, but the potential for one landslide to affect several buildings
is not considered. It should also be noted that the buffers are made before cutting shapes into
cells in order to take into account the possibility for a landslide occurring in a given cell to reach
a house located close to the border of an adjacent cell.

However, a shallow landslide preliminary hazard map exists at Switzerland scale (Geotest
et al., 2006) and provides a global area where shallow landslides can occur, including both the
initiation and propagation zones. This map is based on a global analysis in two steps: first the
stability is assessed using an infinite slope analysis (model SLIDISP, Liener et al., 1996), then

propagation prone areas are assessed with a model adapted from debris flow (model SLIDESIM,
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Figure 8.10: Impact probability map displaying the conditional probability for a 100 m radius
circular landslide to affect a house for each cell of the model. Dots correspond to the cities visible
in Fig. 8.1 (hillshade: ©Swisstopo).

based on Gamma, 2000). The final version of this map combines both areas without further
attributes. Thanks to this map a small modification is made to the impact probability. If a
landslide occurs in a cell where the hazard map exists, it is considered that the landslide will
occur inside the area covered by the hazard map. Therefore, the ratio a/A described in Fig. 8.9
becomes (a € S)/S, where S is the surface covered by the hazard map. The impact probability
map including this modification is given in Fig. 8.10. The hazard map has however not been used
yet to assess the location of the landslides, but a usage of this map for the landslide distribution
has to be considered. Indeed, only 8 landslides (0.14 %) were located in cells with no hazard
according to the map and 133 (2.31 %) were located within cells where less than 10 % of the
surface is covered by the hazard map. This tends to indicate that this preliminary hazard map is
realistic, but since there is an uncertainty on the landslide locations, an in depth analysis of the

landslide locations with regard to the hazard map cannot be made.

The estimation of the associated cost is more complicated as the value of the buildings is
not known. This information could be obtained from the buildings’ insurances for 19 of 26
cantons, for which a public insurance exists and is mandatory. However, a suitable vulnerability
curve linking the landslide intensity, characterized by parameters such as depth or area, to the
damage rate, is difficult to assess. The lack of knowledge on the precise landslide characteristics
and location as well as the inherent variability of the elements at risk complicates even more
the assessment of the vulnerability (Galli and Guzzetti, 2007). Therefore, in order to keep the
precision of the model consistent with the previous step, we chose not to use a value and a

vulnerability curve to assess the damage cost, but to assess it directly from the 2005 event mean
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Figure 8.11: Landslide relation with precipitation and lithological group. The curves for small
precipitation amounts are not always visible because of the low number of landslides. Note that
scales are different. Numbers between brackets are respectively the number of landslides in the
cells and the number of cells in the class, averaged over the iterations.

damage cost. This cost is estimated by dividing the total damage cost induced by landslides to
private infrastructures (CHF 16.3 million) by the expected number of affected buildings. The latter
is obtained by summing over all grid cells the product between the number of landslides (Fig. 8.1)
and the impact probability (Fig. 8.10). This approach results in 2260 affected buildings, implying

a mean cost T of CHF 7211 per building. No uncertainty is considered for this parameter.

It is apparent that damage costs are varying. Therefore, to reproduce a possible distribution of
costs, a statistical distribution is chosen. Thus, the expected damage cost x for a given building is
assumed to follow an exponential distribution with probability density function (e.g. Ross, 2010)

as

Aexp(—Az), x>0
fz) = : (8.5)

0, z <0

The distribution is only defined in terms of its first moment 1/, which is equal to Z, namely

the expected mean damage cost per building assumed for the 2005 event.

The generation of exponential variates is obtained by sampling from the quantile distribution,
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which is given by the inverse function of the exponential cumulative distribution as

In(1 — u)

Flu)=2=—
(w) == —*,

(8.6)
where u is a uniformly distributed random number between 0 and 1. The exponentially distributed
damage cost is sampled for each case of impact identified by the model.

The fat-tailed nature of the exponential distribution allows obtaining a more realistic estimate
of the damage costs than a normal or triangular distribution and does not need the estimation of
the second moment characterizing the variance of the distribution. The latter is a useful feature as
the statistical distribution of the damage costs per building is not known in our particular case.
The log-normal distribution also has heavy tails and was successfully used to model the cost
associated to floods (Merz et al., 2004). However, due to the larger number of degrees of freedom,

it is also not suitable for our application.

8.4 Results

The statistical distribution of landslides as a function of precipitation amount and lithological
group is given in Fig. 8.11 and results from 10 000 iterations of the model. The probability to
observe a given number of landslides in a given lithological group is a monotonically increasing
function of the precipitation amount. CF show a very little susceptibility to landslides compared to
the other groups as evidenced by the low number of observed landslides. With similar precipitation
amount, MM formations tend to have a higher probability to contain at least one landslide than
FLMC or LF. However this relation is less evident for a larger number of landslides.

Table 8.1 shows the fitted values of the gamma distribution (missing data denotes that the
fitting did not converge in the allowed number of iterations), whereas Fig. 8.12 displays these
values graphically. CF have to be considered with caution because of the low number of samples.
The o parameter (shape), characterizes the central location of the distribution, while the /3
parameter (scale) characterizes its dispersion. A general increase in both « and 5 parameters
with precipitation amount can be observed, although some values are not following the general
linear trend. This is especially the case for « for LF and for 5 for the highest precipitation class.

The general increase of both parameters is a desirable property and is in accordance with our
prior expectations. In fact, increasing precipitation amounts increase the expected number of
landslides (represented by «) and the dispersion of the distribution (represented by 3). Higher
[ values are representative of heavy tails, which means that the probability of observing a high
number of landslides rises with increasing precipitation amount.

The spatial distribution of the number of landslides was computed following the procedure
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Figure 8.12: Fitted parameters for o and 3 of the gamma distribution.

described in Fig. 8.8 using both the raw data and the gamma fits and performing 10 000 iterations
for each. However, since gamma distributions have not been fitted for some of the precipitation
classes, raw data have been used instead of gamma distributions when not available. The mean
modelled number of landslides with gamma fits is given in Fig. 8.13 and is very similar to the
mean number of landslides modelled with raw data (not shown). The spatial pattern is relatively
similar to the spatial distribution of rainfall amounts, with two remarkable differences. First, the
relation between precipitation amount and number of landslides is not linear, which implies that
areas with low precipitation amounts show a null to very low number of landslides. The second
difference is due to the sharp geographical transitions between the lithological units, which lead
to sharp transitions in the modelled number of landslides. An illustrative example occurs when
moving from the MM formations to the CF, which strongly reduces the number of landslides (see
Fig. 8.4). These results seem to be in good agreement with the observed distribution of landslides
(Fig. 8.1).

8.4.1 Impact assessment

Although the number of landslides is reproduced, the expected number of hit buildings is almost
never reached in the simulations (Fig. 8.14). Indeed, the expected number of affected buildings
for the event is 2260, whereas the simulations return a mean of 1689.5 for raw data and 1665.8
for gamma fits. As a consequence, the damage amount is not reached either since it is derived
from the latter. It is not yet clear why the observed total number of hit buildings is underestimated

by the model. One possible reason could be that the landslide localization is highly correlated
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Figure 8.13: Mean modelled number of landslides with the gamma functions. No colour is
displayed on the cells that never contain landslides.

with the location of the buildings. To test this hypothesis, we compared the impact probability
of cells within which landslides actually occurred to the impact probability of cells in which
landslides were modelled (the impact probability is taken into account n times if the number of
landslides n in the cell is greater than 1, for both curves). This comparison indicates that the
modelled landslides tend to occur in cells with lower impact probability than the actual landslides
(Fig. 8.15).

8.5 Discussion

The landslide model presented in this paper only considers precipitation amounts and geology as
input parameters. However, other variables such as terrain slope, soil thickness and permeability
contrast, for example, play a key role in shallow landslide generation. These variables are either
hard to measure over a large domain, e.g. the soil thickness, or show spatial variability at extents
which are smaller than 1 km x1 km resolution, e.g. the terrain slope. Additionally, the uncertainty
of the landslide inventory does not allow matching the location of the landslide with such high
resolution variables. As a consequence, the 1 km x 1 km resolution model only gives information
about the large-scale pre-conditioning factors for landslide generation. Smaller-scale features
may affect the process of landslide triggering in a significant way and should be taken into
account to extend this kind of model to a higher resolution. Furthermore, this model is based
only on one single event and should be compared with other similar rainfall events. In particular,

it should be compared with similar events producing landslides in different geological settings,
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Figure 8.14: Number of landslides, number of hit buildings and damage amount calculated from
raw data and gamma fits. Mean value 7 for each line is displayed on the graph, whereas black
lines correspond to the data of the event or the expected number of affected buildings. 10 000
iterations have been computed.

to validate the aggregation of the different lithologies into four main units. Indeed, landslide
susceptibility might be different in Jura limestones than in pre-Alpine limestones, for example.
Lithological information is also very coarse at the working scale and local variations could affect
the susceptibility. Furthermore, shallow landslides are sensitive to the properties of the soil layer,

for which generally no map exists.

The annual probability to exceed a given total damage cost could be assessed by analysing
different precipitation events, which are weighted based on their frequency of occurrence (return
period). This step is essential in order to obtain a mean annual cost as well as an exceedance
probability curve. One possibility to generate a large number of rainfall fields to appropriately

represent the full risk estimation could be based on design storms (Seed et al., 1999). Stochastic
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Figure 8.15: Comparison of the impact probability of the cells where landslides occurred and
where landslides have been modelled (if » > 1 landslides occur in a cell, the impact probability
of the cell is considered n times). As a comparison, the distribution over all of Switzerland is
shown, as well as the results for the existing hazard map (weighted by the surface of the cell
included in the hazard map).

rainfall fields could be generated according to a given return period and be used to simulate the
spatial distribution of landslides under extreme rainfall conditions. Attempts have been made to
use a return period in order to predict landslide triggering, but they were mainly performed at
local scale (e.g. lida, 1999; D’Odorico et al., 2005; lida, 2004; Tarolli et al., 2011) and would
therefore not be suitable for a larger area, since the spatial variability is not taken into account.
However, the spatial distribution of rainfall by means of data with a smaller time step (in this
case satellite data) has been used for early warning (e.g. Apip et al., 2010), but as far as we
know, it has not been used as a starting point to simulate potential future events. Furthermore, for
precipitation events with long return periods, the uncertainty on the frequency is rather high, as
mentioned in Sect. 8.2.3 for this event. This would add uncertainty to the risk analysis.

Another issue concerns the landslide timing. We used the precipitation amount of the whole
event (6 days) as a predictor for landslide occurrence. But, shallow landslides are known to
be sensitive to the intensity and duration of the rainfall, as well as to the hyetograph shape
(D’Odorico et al., 2005). There are two main reasons for this simplification. The first is the
lack of data on the exact timing of landslides, which does not allow the analysis of the temporal
precipitation pattern preceding their triggering. The second reason is due to the uncertainty of the
radar QPE product, which is higher when used to analyse rainfall time series at high temporal
resolutions, for instance hourly or 10 min accumulations. The spatial distribution of QPE accuracy
can still be affected by some residual ground clutter, which overestimates the true rainfall amount,
and by the blockage of low level beams, which leads to the underestimation of ground rainfall due

to using only the beams aloft. Wiiest et al. (2010) present a method to obtain hourly precipitation
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fields by disaggregating the daily rain gauge measurements with higher resolution radar fields.
If the timing of landslide occurrence was known, this dataset would be a valuable source of
information. However, the product is not accompanied by uncertainty estimates. A possible
solution could involve the generation of stochastic ensembles to represent the uncertainty of the
radar QPE product with respect to the automatic network of 76 meteorological stations. This
approach was recently implemented at MeteoSwiss (Germann et al., 2009) and could be a smart
alternative to integrate ensembles of precipitation fields together with ensembles of lithological
types into the landslide model.

When it comes to the damage cost assessment, due to the lack of information on the number
of affected buildings and corresponding distribution of costs, a few important assumptions were
made. The total number of affected buildings was estimated by means of an impact probability
and this number was used to obtain a mean cost per hit building. The number of hit buildings is
an uncertain estimation since it depends on the exact location of the landslides inside the cell.
Indeed, we consider the probability of landsliding to be uniform within a grid cell, or within
the hazard zone if it exists in the cell (which is the case in most of the cells in which landslides
actually occurred). For the latter case, it takes partly into account the position of each element
inside the cell, in particular the position of the slopes that might fail relatively to the buildings.
However, since the hazard map is only indicative, no distinction is made between low hazard area
and high hazard area. As a result, if buildings are located relatively more on low hazard area,
our estimation of the number of affected buildings would be too high and, as a consequence, the
mean price would be too low.

The distribution of costs was assumed to be exponential, which has a desirable long-tail
property and is completely defined by its mean value. Despite being only defined in terms of the
average costs, the obtained variability is supposed to adequately represent the reality. Nevertheless,
with a mean cost of CHF 7211 per building, the probability to overcome CHF 500 000 is almost
null (8 x 10731, i.e. one case over 1 x 103Y). Since the mean price of a building is around
CHF 1 million, this value is quite low as we know that at least one — but probably more — building
has been destroyed. This could be the result of a too high number of affected buildings (since they
have been estimated), which reduces the mean damage cost, or an indication of the need for using
a distribution of damages with a fatter tail. However, this confirms the fact that a distribution with
a fat tail is suitable. Nevertheless, since the damage cost varies independently for each affected
house and since the number of affected houses is relatively high in the simulations, the effect of
varying the individual damage costs is attenuated when summing over all of Switzerland. Another
problem concerns the absence of data about the type of damage. Therefore, we assumed that all
of the private costs are related to buildings. This simplification is not an issue as long as the cost

is related to objects located close to or inside the buildings (e.g. furniture, parked cars), but is
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more problematic, for example, for costs related to loss of profits. However, we suppose that the
vast majority is related to buildings. As a result, this model could be improved considerably if the
type of damage was known. Thus, the damage assessment part has to be considered more as an

example than as a reference for further vulnerability assessment.

Regarding the total number of landslides, hit buildings and the amount of damage in each
simulation, the variability of the results follows more or less a normal or a log-normal distribution
(Fig. 8.14). This distribution reflects the uncertainty induced by the lack of knowledge in the
assessment of the consequences of a given precipitation event. Since the model is based on the
observed landslides, to redistribute the landslides and assess the consequences, the number of
modelled landslides using raw data is logically centred around the observed value. Gamma fit
results tend, however, to be slightly lower than using raw data. When it comes to the number of
hit buildings, the expected value is hardly ever reproduced. Since the same concept of impact
probability, with the same buffer value, is used to assess the expected number of hit buildings of
the 2005 event and of the simulation results, this should not be observed. By comparing the impact
probability of the cells in which landslides occurred with those of the cells in which the landslides
were modelled, we can observe that the cells in which landslides occurred have higher impact
probability. Different hypotheses can be made in order to explain this effect. First, we might have
neglected an important parameter for the localization of landslides which would be correlated to
the built areas such as the repartition of the forested and non-forested areas, redistributing then
the landslides in less populated areas. This seems however to be in contradiction with the fact the
grid cells covered by the preliminary hazard map have a lower impact probability than the ones
where landslides occurred or than the cells of the entire Swiss territory (Fig. 8.15). A second
interpretation could be related to the quality of the inventory, which would be more complete
in urbanized areas. Correcting for this effect would imply a greater total number of landslides,
with more landslides on areas with low impact probability. The third one, which seems to us the
most probable, would be that the urbanization tends to increase the susceptibility. Indeed, human
activities can contribute to landslides, acting directly as a trigger or indirectly by destabilizing the
slope, according to the classification of Michoud et al. (2011). Since, the trigger of the 2005 event
is undeniably the rain, human activities could have played a role only as destabilizing factors.
Examples of landslides triggered by rain events on slopes destabilized by the modification of pore
pressure induced by pipe leaks have been observed in Switzerland, in Les Diablerets (Jaboyedoff
and Bonnard, 2007) and in Lutzenberg (Valley et al., 2004). This second example is especially
interesting since the landslide occurred within an event involving hundreds of landslides and
debris flows, and since this particular landslide would not have occurred, thanks to the authors,
without the pipe leak. Besides modifying pore pressure, pipe leaks can also destabilize slopes by

weakening clay minerals (Preuth et al., 2010). In addition, the degradation of an old canalization
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network led to a landslide in 1930 in La Fouvriére hill in Lyon (France), killing 39 persons (Allix,
1930; Albenque, 1931). It would therefore be wise to include a parameter linked to the buildings
to take account of this effect.

All things considered, the model makes simplifications in order to assess the risk for a large
area rather than to be precise at local scale. Indeed, the lack of knowledge and data at the sub-grid
scale is balanced by the use of stochastic simulations, which allows one to obtain a probabilistic
model for landslide occurrence and associated cost.

Such kind of model might be useful to provide a rapid damage estimation following a
precipitation event. Indeed, after a widespread event, the time needed by the insurance to process
all claims is rather long and the exact consequences might need several months, even years to
be known. Applying this model quickly after the event could provide a rough estimation of the
damage costs. In a second step, modelling precipitation events assigned to a frequency could
make possible the calculation of exceedance probability curves. Developments are also ongoing
to assess the consequences of a landslide event for a road network with comparable models
(Taylor et al., 2013).

8.6 Conclusions

This article proposes a model to assess the risk due to shallow landslides for a large region using
the data from the rainfall event of 2005 in Switzerland. The first step assesses the distribution of
landslides with regard to precipitation and lithology. Then the landslides are redistributed in a
second step according to the relation obtained. Damage cost is obtained by means of an impact
probability, which gives the probability, if a landslide occurs, that it reaches a building.

Some improvements have to be made to the model, to corroborate the relation obtained,
and to improve the assessment of the impact probability, as well as the distribution of costs.
Moreover, the human influence on landslide susceptibility has to be evaluated carefully in a further
step, since it appears that the landslide locations are highly correlated with the buildings. This
observation tends to indicate that the human influence on slope stability is substantial. Further
developments are also conceivable to complete the risk analysis by simulating stochastic rainfall
events characterized by a given frequency and to analyse the consequences. This would result in

a complete risk analysis able to provide the temporal distribution of damage costs.
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Table 8.1: Fitted parameters of the gamma distribution.

Precipitation LF CF

[mm] « B RMSE o B RMSE

0-100 - - - - - -
100-130 0.149 0.666 1.77 x10~° - - -
130-160 0.255 0.685 6.28 x107° 0.118 0.012 0
160-190 0.127 1.57 244 x107* 0.052 1.195 3.54x107*

190-220 0.139 2962 3.28 x1073 0279 0.775 4.60 x10~*

220-321 0.108 8.846 3.57 x1073 0.118 0.012 0
Precipitation FLMC MM
[mm] « 154 RMSE « 154 RMSE
0-100 - - - - - -

100-130 0.112 0.643 9.56 x10~° 0.042 1.148 1.94x10~*
130-160 0.144 1.245 7.19 x10~* 0.059 3.632 1.72x1073
160-190 0.159 2.421 1.26 x1073 0.193 5798 2.14x1073
190-220 0.242 3.077 2.45x1073 0.282 6.835 6.65x1073

220-321 029 5.133 3.18x1073 0.566 4.653 3.71 x1073




Chapter 9

Hail risk modelling in the context of
building insurance

Abstract

Hail is becoming very expensive for building insurance companies. Therefore, there is a need to
improve the risk assessment procedures. This chapter is mainly based on an event that occurred in
2011 and caused important losses for the building insurance of the canton of Aargau, in Northern
Switzerland. Detailed insurance data are available for this canton, and, in addition, aggregated
data are available for other cantons, for the same event as well as for an event that occurred in
2009. First, a loss model is created and relates the maximum hailstone diameter reached during
the event in a grid of 1 km x 1 km cells (hereafter intensity map) to a probabilistic model of
the proportion of damaged buildings and to a probabilistic model of loss ratios for the damaged
buildings. This model is then tested using the available intensity maps and the building’s locations
retrieved from a topographical landscape model (SwissTLM3D). The goal of this operation is to
test the potential of the intensity maps to estimate the losses directly after an event. The second
part of this study uses available hazard maps, from which a hailstone size—frequency relation
is deduced, to calculate the average annual risk, using the loss model previously defined. This
average annual risk is estimated for the canton of Aargau, as well as for the 19 cantons with a
public building insurance company. Since the loss model is probabilistic, the results are presented
with an exceedance probability curve. Regarding the 19 cantons with a public insurance company,
the mean losses of the 20 last years has a probability of 79 % to be exceeded. A third part proposes
a model that allows generating random events, which are created in agreement with the hazard
maps. The goal of this part is to estimate the cost of individual events, in order to understand

how the costs are distributed. The model contains two modules. The first module adjusts a set
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of 2D Gaussian functions on the available intensity maps and retrieves key characteristics of
these Gaussian functions. Then, the second module uses these characteristics to generate random
events. The agreement of these events with the hazard maps is achieved using a rejection method.
According to the simulations for the canton of Aargau, an event with losses equal or higher to the

one which occurred in 2011 is to be expected with a return period of 45 years.

9.1 Introduction

Recent hail events such as the 2013 event in Germany, which was responsible for around 4 billion
EUR of losses (Munich RE, 2014), are a reminder that hailstorms can be very costly for insurance
companies. According to Swiss Re (2015), around 24 % of natural hazard related insured losses
worldwide in 2014 were caused by hail. As a consequence, hailstorms as natural processes or as
insurer concerns are currently actively studied (e.g. Martius et al., 2015).

Establishing relations between hailfall intensity and loss ratio for crop, building or vehicles
is being performed for many years (e.g. Changnon, 1971; Katz and Garcia, 1981). In regions
where meteorological radars are available, the latter have been used to derive a hail intensity,
which are used to build similar relationships (e.g. Schiesser, 1990; Hohl et al., 2002a,b; Schuster
et al., 2006). These kinds of relationships permit to estimate the losses quickly after an event
and, if information regarding the hail hazard is available, to estimate the mean annual risk. It
necessitates however, in addition to the radar data, to have similar information on the elements at
risk (crop type and maturity, building type, location and value, ...)

In some cases, models have been developed in order to predict event-related damage, and thus
to obtain the distribution of losses over the year. The most known is probably RMS-HailCalc (e.g.
Grieser et al., 2014), which is based on the work of Roman Hohl (Hohl et al., 2002a,b). Other
models include G-CAT, developed by Guy Carpenter & Co. (Strasser et al., 2015). However,
most of the available models have been developed by private companies and at least some parts
of the models are not publicly available. Some academic models can however be mentioned (e.g.
Schmidberger et al., 2014; Deepen, 2006). To assess the losses, Katz and Garcia (1981) and Hohl
et al. (2002a) use a logistic function connecting the total hail kinetic energy derived from the
radar to a loss ratio.

In Switzerland, three recent events were particularly costly for the insurance companies. The
first one affected mainly the Canton of Thurgau (North-East Switzerland), in May 2009 (47
million CHF of losses), whereas the second, which also happened in 2009, but in July, caused
267 million CHF of losses in the cantons of Vaud, Fribourg, Bern and Lucerne (Imhof and
Choffet, 2012). The third event caused 151 million CHF losses in the canton of Aargau (Northern
Switzerland) in July 2011 (Imhof et al., 2015).
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Thanks to the mandatory insurance coverage for buildings in 19 of the 26 Swiss cantons, this
study takes advantage of the insurance data from the "Aargauische Gebdudeversicherung", the
public insurance company in the Canton of Aargau, and partly from data from the other insurance
companies, in order to assess the vulnerability of the buildings to hailstones (Sect. 9.3.1). In
addition, Sect. 9.3.2, uses the established relation with hazard maps in order to estimate the
related risk, whereas Sect. 9.3.3 proposes a model to estimate the frequency at which a given loss

amount is reached for a defined region.

9.2 Data

9.2.1 Intensity maps

Switzerland is covered by 3 C-band weather radars operated by the Federal Office of Meteorology
and Climatology (MeteoSwiss). Using the information provided by these radars, meteoradar
Itd (meteoradar gmbh) estimates the maximum hailstone size reached during an event. Their
estimation is based on the height difference between the 55 dBZ reflectivity contour (which is a
high reflectivity that might correspond to hail) and the 0 °C isotherm (indicating strong up-drafts),
which is a method adapted from Waldvogel et al. (1979). They also extend the observation made
in altitude with a buffer of 1-5 km to account for the potential oblique trajectory of the hailstones
between the cloud and the ground Schmid and Schiesser (2014), making useless the optimisation
used in Schiesser (1990) and (Schmid et al., 1992), for example. The approach of these authors is
to find the translation vector producing the best correlation between the radar observation and the
insurance losses.

For this study, the intensity maps established for the 26 May 2009 event (Fig. 9.1), hereafter
refer to as the 2009 event (although there was another one in July, as seen above), and the 12—13
July 2011 (Fig. 9.2) event are used. The intensity is provided in classes of maximum hailstone
size and have a step of 1 cm. For this study, the mean value of the class is considered. Since the
first class of these maps is graupel (aka soft hail) and the second class is hail from 0 to 1 cm,
we interpolated linearly the intensity such as class 3 is attributed the value of 2.5 cm. Therefore,

graupel obtain the value of 0.4 cm and the class O—1 cm hailstones the value of 0.8 cm (Fig. 9.3).

9.2.2 Hazard maps

According to Stucki and Egli (2007), the entire Swiss territory is concerned with hail, but the
Alps are less often affected. This observation is corroborated by two more recent hazard maps

based on radar data and insurance claims that have been published by Schweizer Hagel', a

"http://hagel.ch/fileadmin/customer/Diverses/3052_Hagelkarte.jpg
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Figure 9.1: Maximum intensity reached during the 26 May 2009 event (meteoradar gmbh).
Cantons in black are the ones mentioned in the text (AG = Aargau, BE =Bern, LU =Lucerne,
SO =Soluthurn, TG =Thurgau, ZH = Zurich), whereas dashed cantons do not have a public and
mandatory insurance company. To convert the intensity values in hailstone sizes, the relation
provided in Fig. 9.3 is considered in this study. (hillshade and borders (C) swisstopo)
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Figure 9.2: Maximum intensity reached during the 12—13 July 2011 event (meteoradar gmbh).
Cantons in black are the ones mentioned in the text (AG = Aargau, BE =Bern, LU =Lucerne,
SO = Soluthurn, TG =Thurgau, ZH =Zurich), whereas dashed cantons do not have a public and
mandatory insurance company. To convert the intensity values in hailstone sizes, the relation
provided in Fig. 9.3 is considered in this study. (hillshade and borders (¢) swisstopo)
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Figure 9.3: Assumed relation between the hail intensity and the maximum hailstone size
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crop insurance company, and by the University of Bern, together with the Mobiliar insurance
company’. From these latter maps, it is possible to observe that the most affected areas are the
Prealps (particularly central Switzerland and the South of Bern), the South Ticino and North
East Switzerland. Although these latter two maps are more detailed and take into account
insurance data, the map provided by Stucki and Egli (2007) is used for this study since it gives not
only a relative frequency, but the minimum hailstone size to expect for different return periods.
To establish the return periods, Schiesser (2006) divided Switzerland in 11 different regions
(Fig 9.4a).

From the minimum hailstone size to expect for different return periods, a distribution can
be adjusted to try to predict return period of any hailstone size. If the same size is expected to
be exceeded at different return periods, it is only considered for the shorter return period. The
Marshall-Palmer exponential law is used since it is in good agreement with the return periods
presented in Stucki and Egli (2007). This law is often used to describe the distribution of particle

size in a hail event, as mentioned by Pruppacher and Klett (2010). This is expressed as follows:

n(d) = nge 9.1)

Where n(d) is the number of hailstones with a diameter equal or superior to d, whereas ng and
A are parameters controlling respectively the scale and the shape. The resulting frequency-size
relations are given in Fig. 9.4b. As an example, the points used to build the curve of the Aargau

region are also displayed.

9.2.3 Elements-at-risk and past losses

Switzerland is divided in 26 cantons, among which 19 possess a mandatory public building
insurance company. Altogether, 2.23 Million buildings are insured by these companies, for a
total value of 2,209 Billion CHF. The insured values of the buildings are estimated by each
insurance company, who also register the loss related to the events. When it comes to the location
of the buildings, the insurance companies often have a postal address only, and the geographic
coordinates can only be retrieved from other sources such as the cantonal administrations or the
Swiss postal company (Swiss Post, 2016), at the condition that the data can be linked by some of
the attributes. Buildings footprint are available in the SwissTLM3D, a topographical landscape
model from the Federal Office of Topography (swisstopo, 2015), but these footprints cannot
directly be linked with insurance data. In addition, the number of buildings in the swissTLM3D
is different from the number of insured buildings, since a same shape can correspond to several

insurance policies (for example in the case of attached houses). For this study, we have access to

Zhttps://www.mobi.ch/de/die-mobiliar/medien/neuer-schub-schweizer-hagelforschung.html
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Figure 9.4: (a) Hazard area defined by Schiesser (2006) using radar data and published in
Stucki and Egli (2007). (b) frequency-size relations adjusted to the return period of different
hailstone sizes for each of these zones. The original data are shown as points for the Aargau area
(PE-PC-JC)

data for several cantons, but with different level of detail.

For Aargau, which is the canton on which this study focuses since it suffered from high
losses in 2011, the insurance data are directly available. The insurance portfolio contains 219,042
buildings, among which 194,221 (88.7 %) have been georeferenced using the Post Office database
and the address fields as link. The total losses related to the georeferenced buildings in the 2011
event are 123 Million CHF.

The losses which occurred during the 2009 event in Thurgau have already been well studied
(Imhof and Choffet, 2012). Losses reaching 47 million CHF have been reported to the insurance
company, which was insuring 93’240 buildings for a value of 74 billion CHF at the end of 2009
(GVTG, 2010). Diverse statistics have been published after aggregation at the municipality scale
and are now available with this level of detail (Imhof and Choffet, 2012).

For all cantons except Aargau, the centres of the building footprints retrieved in the swis-
sTLM3D database, developed by Swisstopo, are used (swisstopo, 2015). Since the number of
buildings in the SwissTLM3D is not equal to the number of insured buildings, it is not possible
to use the average building value published by the insurance. Therefore, we divide the total
insured value by the number of shapes in the SwissTLM3D for the purposes of this analysis. This
operation is done for the whole canton, or municipality by municipality if the insured value is
available with this level of detail. In addition, the number of insured buildings is also divided by
the number of buildings in the SwissTLM3D. If this is done municipality by municipality, this
permits to refine the proportion of affected buildings in the models.

For the cantons of Zurich, Lucerne and Solothurn, the number of affected buildings and the



202 Chapter 9: Hail risk modelling in the context of building insurance

Table 9.1: Portfolio data and loss statistics used in this study. When the building location is
retrieved from the SwissTLM3D, a correction factor is applied to make the number correspond
to the number of insured buildings. This correction is done at different scale depending on the
available data. In addition, the loss data are available with different level of aggregation.

Canton Event Building location Correction factor Loss data granularity
Aargau (AG) 12-13 July 2011  Geopost - Building

Thurgau (TG) 26 May 2009 SwissTLM3D Canton Municipality

Zurich (ZH) 12-13 July 2011  SwissTLM3D District Municipality!
Lucerne (LU) 12-13 July 2011  SwissTLM3D Municipality Municipality
Solothurn (SO)  12-13 July 2011  SwissTLM3D Canton Canton

IData presented in classes

monetary losses are provided by the association of building insurance companies (AEAI). They
are aggregated at the cantonal level for Zurich and Solothurn and at the municipality level for
Lucerne. These data are however estimations since the reparation had not been all made at the
time of the statistics.

The data used for this study are summarised in Table 9.1, regarding both the building portfolio

and the loss statistics.

9.3 Methods

9.3.1 Loss assessment
Loss model

The loss model aims at answering the following questions: given hail intensity, what is the
probability for a building to be damaged, and, if the building is damaged, how much will it cost?
Both parts are indeed important since for an insurance company, a high number of damaged
buildings will induce a high load of administrative work, disregarding the final reparation cost.
This approach differs from the traditional vulnerability function, which defines the expected
degree of loss as a function of the hazard intensity (e.g. Ciurean et al., 2017), or from the fragility
curves, which indicate the conditional probability to reach or exceed a limit state as a function of

the hazard intensity (e.g. Silva et al., 2014). On the other hand, it is comparable to the approach
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of Pei and van de Lindt (2009) who use a zero loss probability, a collapse probability and a
log-normal distribution for the partial damage. Here, an equivalent to the collapse probability is
not used, since hail is not expected to destroy completely a building. Due to the many parameters
influencing the losses, which are related both with the hazard (e.g. hailstone size distribution and
event duration) and the element at risk (e.g. specific equipment such as solar panels, blinders
type and state), defining a proxy for the intensity and a loss model is not trivial. Obviously, the
choice is strongly limited by the available data. For example, the buildings’ materials are most of
the time not known, or at least not in a standardised manner. In the meantime, spatio-temporal

distribution of the hailstone sizes and kinetic energies can only partially be estimated.

When it comes to the losses, it can be seen from the 2011 event that although the proportion of
damaged buildings is correlated with the hail intensity, there is a high variability in the proportion
of damaged buildings for a given hailstone size (it will be presented in the results, in Fig. 9.9).
Indeed, the intensities in the Canton of Zurich are in many places similar with the intensities
observed in the Canton of Aargau, although the proportion of damaged buildings is significantly
lower in Zurich, particularly in the Eastern part of the Canton. Therefore, the proportion of
damaged building is calculated for each pixel of the radar intensity map and the distribution
of these proportions is analysed. This analysis is performed for the 4 cantons for which some
information is available on the proportion of damaged buildings at the municipality or the building

scale.

The obtained empirical distributions of damaged buildings are adjusted with a 2-parameters

gamma cumulative distribution function:

Flp) = — / O e BT 9.2)
[3061“(04) 0 ’

where p is the proportion of damaged buildings, « is a shape parameter and 3 a scale

parameter (Johnson and Kotz, 1970). I'(x) is the gamma function, which is the generalized form

of the factorial function, such as I'(x) = (« — 1)! for a positive integer. The parameters « and

B retrieved are then adjusted with a linear function, that permits to predict their value for any

hailstone size (see also Chapt. 8).

This first function returns the probability for a building to be affected, but provides no
information on the damage extent. For this, the loss ratios of the affected buildings are analysed in

each intensity class and adjusted using a two-parameter Pareto cumulative distribution function:

_1
A

F(r)y=1— (1 + AZ) 9.3)
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Where r is the loss ratio, A is the shape parameter and + is the scale parameter (Embrechts
et al., 1997).

Model validation

To test the model validity, the loss model is applied to all the affected cantons for which a loss
figure is available for the 2009 or the 2011 event. That is the 4 cantons used to build the loss
model (see table 9.2) as well as Solothurn, for which the figure is only available at the cantonal
scale. To model the predicted losses, a Monte-Carlo simulation is performed using the intensity
map of the respective events and the building location retrieved from the SwissTLM3D (except
for Aargau, where the insurance database is used), as well as the loss model previously defined.

The total insured value of each canton, district (an administrative level between the canton
and the municipalities) or municipality is divided by the corresponding number of buildings in the
SwissTLM3D to obtain the individual building value. The total loss and proportion of damaged
buildings are compared to the actual values for the whole cantons. The proportions of damaged
buildings per district or municipality are also compared to the actual values, when available. For
Thurgau, although the loss per municipality is available, it is not compared to the actual value,
since only the net loss is available and since the excess (amount paid by the insured party) is not
linear, but depend on the loss for each building. However, the losses are closely related to the
proportion of damaged buildings, therefore, this parameter is a good proxy to assess spatially the

quality of the results.

9.3.2 Average annual hail risk

The frequency-size relation presented in Fig. 9.4b can be used to calculate the mean annual risk.

The mean annual risk is calculated between two bounds, and is the sum of the partial risks:

R=Y Ri=) (fi— fir1) x Li 9.4)

Where R; is the partial risk for scenario ¢, f; is the frequency of scenario ¢, f;11 is the
frequency of the next calculated scenario (which is O for the last scenario), i.e. with the return
period immediately higher and L; are the losses (in CHF or number of damaged buildings),
calculated with the loss model defined in Sect. 9.3.1. Since the damage L; is applied for the
interval ¢ — ¢+ 1, the interval should be small to avoid the need for a correction (see Chapt. 5). To
simplify the process, we define a minimum return period, calculate the corresponding hailstone
size, then we increase the hailstone size of a defined value (e.g. 0.1 cm) and calculate the
corresponding return period. The size is then iteratively increased until the user-defined maximum

return period is reached or exceeded (Fig. 9.5).
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The mean annual risk can be compared with the statistics of the insurance companies. Indeed,
between 1994 and 2013, the mean loss amount for all 19 cantons with a mandatory public
insurance company was around CHF 86 million per year, and the average number of affected
buildings of around 17,000 (loss statistics of the AEAI). To generalize the data, a Pareto function
is fitted on both empirical functions (fig. 9.6). This gives better idea of the expected value.
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Figure 9.5: Flow-chart of the mean risk assessment procedure. The analysis is executed I times
with different o and § parameters for the gamma distribution. In each of these analyses, the
consequences are evaluated for hailstone sizes between d,;, and dy,q4, increasing progressively
the size of an increment Ad. For each size of hailstone, the analysis is performed K times to
account of the variability in the loss model.
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Figure 9.6: Statistics of the monetary losses and damaged buildings from 1994 to 2013 in the 19
cantons with a public building insurance (loss statistics if the AEAI). The values are ranked and
fitted with a cumulative Pareto distribution function.
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9.3.3 Hail event modelling

Goal of a model

Evaluating the mean risk thanks to hazard maps leaves a question unanswered: what cost can
we expect for a single event? Having a constant cost with small variations over the years is
indeed not the same has handling large and rare events. An event-based model can try to answer
this question and can be used to test changes in the buildings (construction materials, number,
location, ...) or in the hazard (frequency, size of the events, ... ), as long as these parameters are
included in the model. This section presents a first basic attempt of such a model.

The idea of the model is that an intensity map such as the ones presented in Fig. 9.2 and
9.1 can be approximated by a set of 2D Gaussian functions. After reproducing these 2 events,
new events can be modelled using key characteristics of these Gaussian functions, as well as
frequency-size ratios derived from the hazard map (Fig. 9.4). Sect. Model calibration present the
reproduction of past event, whereas Sect. New events modelling presents the modelling of new

events.

Model calibration

The idea of the model is that the intensity map of the event can be reproduced with a set of
2D Gaussian functions. This part of the model is slightly modified from Demierre (2012) and
Choffet et al. (2012) and their subsequent work. Although they presented only the version with
1D Gaussian functions, that necessitate to divide the study area in slices, they already developed
a version with 2D Gaussian functions. A 2D Gaussian (which is not a statistical distribution) is
defined by 6 parameters, which are presented in Fig. 9.7, and are the xg and yq coordinates of the
mode, the angle 6§ of the great axis, the scale factor ¢ (corresponding to the maximum value), the
standard deviation along the great axis o, and along the small axis o,,. This latter parameter can

be replaced by the eccentricity «, which is defined by:

k=22 9.5)
Ty
The equation of a 2D Gaussian function is given by:
_(Ge==)? | w—vp)®
fz,y) = ge ( a2 ) (9.6)

This assumes a great axis along the x-axis. In practice, € is used in a rotation matrix and xg
and yg in a translation matrix that are used to calculate the x and y coordinates of each grid cell of

the study area, relatively to the ellipse coordinate system. Equation (9.6) is then used to calculate
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Figure 9.7: Parameters of the Gaussian functions on the XY-plane (left) and in cross-section
along 0. For practical reasons, the stadard-deviation of the Gaussian is not respected between
the two figures

the intensity of the ellipse in each cell of the grid. The same process is performed for all ellipses

and the intensities of all ellipses are summed.

Due to the potentially large number of Gaussian functions, the number of parameters to
optimize can be very large. Therefore, a relatively good initial solution is needed. This initial
solution is obtained by smoothing the intensity map. The smoothing is performed by convolving
the intensity map with a Gaussian window (also called a kernel or a mask in image processing
Gonzalez and Woods, 2002). The size of the Gaussian window determinates the degree of
smoothing. Then, the maxima are localized on the smoothed map, by checking for each pixel if
its value is the highest of a neighbourhood of user-defined dimensions. A minimal intensity can
also be set in order to avoid fitting Gaussian function on very small peaks produced during the

smoothing procedure.

The initial solution is then optimized using a genetic algorithm Matlab toolbox (Chipperfield
et al., 1994; Chipperfield and Fleming, 1995). The principle of genetic algorithm is to produce
generations of individuals by recombining elements of the previous generation, and by attributing
a higher probability of the fittest individuals to be kept for the next generation. Each individual
represent a potential solution, i.e. a vector with a value for each of the parameters that need to be
optimised. The fitness is determined by the results obtained using an objective function. In that
case, the objective function is the rooted mean squared error of the map obtained with the values
of an individual (transformed in a grid) compared to the initial (non-smoothed) map. The genetic

algorithm approach necessitate, for each variable, to set a minimum and a maximum value.

The properties of the Gaussian functions are then analysed under different aspects, in order to



210 Chapter 9: Hail risk modelling in the context of building insurance

Smoothing and detection of the maxima

N
0
Hailstone diameter

Figure 9.8: Schematic representation of the optimisation procedure: the original map is smoothed
through a convolution with a Gaussian function. The dimensions of the window with the Gaussian
function control the degree of smoothing. Then, the local maxima are detected on the smoothed
map. The position of these maxima and the hailstone intensity at their respective position serves
as initial solution for the optimisation procedure.

guide the creation of new events.

New events modelling

The modelling of new events is constituted of two parts:
1. Creation of the general location and shape of the event, according to the hazard map
2. Creation of Gaussian functions inside the event

The general shape of the event (first part) is depicted by an ellipse, which is defined by the
angle of its great axis (A), the length of its great axis (L) and the ratio between its great axis and
its small axis (K). For each realisation, random values are attributed to each of these parameters
according to predefined distributions. The area of the obtained ellipse is compared to the area of 1
million ellipses created from the same distributions, in order to check if the surface covered by the
ellipse is large or not. Thus, the quantile at which the random ellipse is located in the distribution
of ellipses is retrieved. It is considered for this model that a large quantile corresponds to an event
with a high magnitude. From the quantile of the ellipse size, a magnitude is then attributed (on an

arbitrary scale) and is used to define:
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e a dummy hailstone size, which is used to calculate a frequency map for the entire study

area

e the distribution of the Gaussian functions scale factors.

The frequency at which the dummy hailstone size is reached is estimated based on the
frequency-size relationships (Fig. 9.4) and the mean frequency in the ellipse is calculated. This
mean frequency is then compared to the product of the frequency of 0.5 cm hailstones in Aargau
and a random value between 0 and 1. If the mean frequency in the ellipse is higher or equal to the
latter product, the ellipse is kept. Otherwise, the ellipse is rejected and a new one is created. The
idea of this procedure is to respect a size distribution of events locally, but also to account for the
spatial distribution of the events. Indeed, thanks to this procedure, an event in an area with low
frequencies is less likely to be kept than the same one in an area with higher frequencies.

When it comes to the Gaussian functions scale factor (¢), it is defined by an exponential
cumulative distribution function:

F(¢)=1—¢n 9.7)

where p is defined by a uniform distribution, which is sampled according to the event
magnitude defined above. Thus, an event with a larger magnitude will be more susceptible to
produce hail cells with large hailstones.

The position of each Gaussian function inside an event is defined by an iterative procedure. A
probability of one is attributed inside the ellipse to each cell of a raster with the same extent and
cell size as the hazard map. Then the first Gaussian function is positioned randomly using the
weights of this probability raster. The other parameters of the Gaussian function are defined using
their respective probability distributions. Then, the value of the probability raster is reduced to 0
in an ellipse corresponding to the area where the Gaussian function value is equal or higher to
20 % of its maximum value, which means that the center of another Gaussian function can’t be
located in that area any more. The next Gaussian function is then placed in the updated probability
map. Although Gaussian function can still interact, this prevents Gaussian functions to be too
close to each other and to build unrealistic hailstone size. New Gaussian functions are added as
long as the sum of all the cells of the probability raster is above ten.

Once this process is over, a raster map adding all the Gaussian functions is computed and the
damage expected for this event are calculated using the loss model previously defined.

Finally, several rasters store the number of events reaching or overpassing a given threshold.
The threshold considered have values from 0.5 to 15 cm with a step of 0.1 cm. Then, a Marshal-

Palmer distribution (Eq. 9.1) is adjusted for every pixel in a rectangle containing all the Swiss



212 Chapter 9: Hail risk modelling in the context of building insurance

territory (the grid is reduced compared to the simulations to accelerate the computing and to
avoid border effects. The results are then scaled according to the mean ng parameter obtained
with the simulations in the area of interest (a rectangle defined to contain all the buildings), and
the value derived from the hazard map for the same area (Fig. 9.4b). The obtained \ parameter is
compared to the expected one and some parameters are adjusted in order to reproduce as well as

possible this parameter.

9.4 Results

9.4.1 Loss assessment
Loss model

Using the intensity maps transformed in hailstone size and the proportion of damaged buildings
retrieved whether directly from the building portfolios or from the statistics of the association of
building insurances (AEAI), the statistical distribution of the proportion of damaged buildings
in each class of hailstone size can be assessed (Fig. 9.9). The proportions are weighted by the
number of buildings in each cell. The most representative graphs are the one of Aargau, where
the actual proportions are available, and the ones of Thurgau and Lucerne, since the data available
at the municipality level is relatively representative of the local variations. To some extent,
the data of Zurich are also representative, but the classification of the proportion of damaged
buildings offers less detail as compared to the other cantons. The Zurich data are however useful
to represent a situation were relatively high radar-derived hailstone sizes are not translated in high
proportion of damaged buildings. The scale parameters 3 and the shape parameters « are plotted
in Fig. 9.10 and 9.11 respectively. These parameters are fitted with a linear function constrained
to go through the origin. For §3, this is to avoid having a probability for a building to be damaged
if there is no hailstone, whereas for «, this is mainly to simplify the calculation, but it does not
really affect the regression. The linear regression is weighted by the number of buildings in the
class, which is denoted by the size of the circle. In view of the parameters of the different cantons,
for the simulations, a range of 0.1-0.4 is chosen for the slope of « and a range of 0.01-0.08 for
the slope of S3.

The second part of the model, which is the loss ratio of the damaged buildings in Aargau,
is presented in Fig. 9.12. The plain curves are the empirical curves. These latter are fitted
with 2-parameters generalized Pareto distributions, presented with a dashed line. The estimated
parameters of the distributions are plotted in Fig. 9.13, with circles proportional to the number of
buildings in the category. The shape parameter A shows no obvious trend. On the other hand,

the scale parameter v shows a tendency to increase with increasing the hailstone size, which
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Figure 9.9: Observed cumulative weighted proportion of damaged buildings in each pixel of the
defined intensities. The weighted mean of the class (%) is indicated in the legend. For Zurich,
the middle of the class indicated in (GVZ, 2012) is used, whereas for Lucerne, the proportion
indicated for the district is used, which is obviously not detailed enough (note that the x-scale is
different).
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Figure 9.10: Scale parameters of the gamma fits retrieved from the proportion of damaged
buildings. Note that the vertical scales vary.
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Figure 9.11: Shape parameters of the gamma fits retrieved from the proportion of damaged
buildings. Note that the vertical scales vary.
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Figure 9.12: Cumulative distribution of damage ratio in each class of hailstone size (plain curves)
and fitted 2-parameters generalized Pareto distributions (dashed curves).

corresponds to the expectation. This parameter is then fitted with a linear function, which is used,
together with the weighted mean of )\, to draw the functions of Fig. 9.14. When assessing the
damage of any location, the linear regression is used to assess the ~y value corresponding to the

hailstone size of this location which is then used to establish the probability distribution.

Model validation

The loss model is applied to the 4 cantons used to build the model, as well as to Solothurn, using
the radar intensity maps (Fig. 9.1 and 9.2). The results are presented graphically in Fig. 9.15 and
in Table 9.2. The high variability of the loss model results in a large spread of the results, which
always include the actual value. Table 9.2 shows at which quantile of the model the actual value
corresponds. For example, the real damage cost in Lucerne corresponds to the quantile 0.16 of
the modelled values, which is not a perfect result, since it means that 84 % of the simulations
give a result above the real value. A quantile close to 0.5 would indeed be desirable. On the other
hand, if all the results were close to a quantile of 0.5, that would mean that the variability of the
model is too large. An important characteristic to notice is that except for Aargau, the quantile of
the proportion of affected buildings is always higher than the quantile of the damage cost, which
means that the damage cost per building in Aargau is particularly high compared to other events.
Detailed damage data from other event would then be beneficial to the second part of the model.

The coefficient of correlation in Table 9.2 shows the correlation between the median modelled

proportion of damaged buildings and the actual proportion of damaged buildings. This comparison
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is done at the municipality level. For Zurich, the actual proportions are only given as class, so the
actual proportion is considered to be the average of the class. Except for Aargau, the correlation is
not very good. It is particularly bad for Lucerne, which shows no correlation at all. This highlights
the limit of using the radar intensity as a proxy for the proportion of damaged buildings. Indeed,
for a given intensity, the observed proportion of damaged buildings might be very different. This
is true locally, which could be the result of the radar resolution, but also regionally. Indeed, the
2011 event in Zurich and Lucerne resulted in very low proportion of damaged buildings even
though the intensities are relatively high. For Lucerne, although no correlation is observed, it is
possible to see that the radar intensities and the actual damage are more spatially related that the
absence of correlation suggests (Fig. 9.16). As long as the derivation of hail intensity from the
radar is not improved, little improvement can be expected of such a damage model. However, this
model already gives a first estimation and together with other information (hailstone size reported
from the ground, newspapers, first insurance claims, ... ), it might help to estimate the damage

cost to expect at the scale of a canton.
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Figure 9.15: Results of the damage assessment from the radar images. The points represent the
actual values and are located at the quantile where the respective curves reach these values.
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Table 9.2: Results of the damage assessment compared to the expected values (compare to
Fig. 9.15). For both the proportion of damaged buildings and the damage amount, several
quantiles are given (0.1, 0.5, 0.9). The quantile at which the modelled value is similar to the
observed value is also given. The coefficient of correlation is the correlation of the modelled
proportion of damaged buildings to the actual proportion of damaged building at the municipality
scale.

Parameter LU SO ZH AG TG
Actual proportion of affected buildings | 0.1% 2.6% 1.6% 6.7% 79%
Median modelled proportion 04% 74% 33% 49% 4.7%
Quantile 0.1 01% 14% 07% 1.0% 09%
Quantile 0.9 1.0% 16.6% 7.6% 11.6% 10.3%
Quantile of the actual value 0.16 0.19 0.25 0.65 0.77
Coefficient of correlation -0.02 - 037 0.55 0.29
Actual damage cost [MCHF] 0.7 1.3 99 151.0 47.0
Median modelled cost [MCHF] 2.4 63.3 1814 91.9 48.5
Quantile 0.1 [MCHF] 0.5 11.6  37.7 18.9 9.1
Quantile 0.9 [MCHF] 5.8 143.1 4263 216.1 1074
Quantile of the actual value 0.15 0.01  0.03 0.74 0.49
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Figure 9.16: Comparison, at the municipality level, of the hail intensities derived from the radars,
the actual proportion of damaged buildings and the modelled proportion of damaged buildings.
The actual proportion of damaged buildings shows trends similar as the intensities (SW-NE
bands), but with a partial overlap only. For example, the group of strongly affected communities
in the South-Eastern border of the Canton does not overlap the high intensities.
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9.4.2 Average annual hail risk

The region presented in Stucki and Egli (2007) are shown in Fig. 9.4a, whereas the exponential
fitted relations are presented in Fig. 9.4b. From these relation and the loss model, the mean annual
risk is calculated for Aargau alone, and for the 19 cantons with a public buildings insurance
company, using the parameters given in Table 9.3. The number of runs is quite low, because the
time needed for one run using one processor of a cluster node is around 7.5 hours.

The distributions of the mean annual risks and the mean annual numbers of affected buildings
are given in Fig. 9.17 for Aargau, and in Fig. 9.18 for the 19 cantons with a public building
insurance company. In this latter figure, the expected values retrieved from Fig. 9.6 are displayed
as vertical lines. 88 % of the time, the modelled cost is above the expected value, and in 79 % of
the realizations, the number of affected buildings is above the expected number.

The expected cost is then more often overpassed in the realizations than the expected number
of affected buildings. This tends to confirm the observation made on Fig. 9.15 and Table. 9.2,

that the real damage costs per building in Aargau are especially high.

Table 9.3: Parameters used for the mean risk calculation. The variable names refer to the
flow-chart in Fig. 9.5.

Parameter Variable | Value
Lower return period [years] - 1
Upper return period [years] - 1000
Size step [cm] Ad 0.1
Number of simulation per return period K 10
Number of mean risk simulations 1 100
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Figure 9.17: Mean annual risk for the canton of Aargau in terms of losses per year and (blue
curve) and number of affected buildings (red curve)
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Figure 9.18: Mean annual number of affected buildings for the 19 cantons with a public building
insurance company in terms of losses per year and (blue curve) and number of affected buildings
(red curve)
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9.4.3 Hail events modelling
Model calibration

The calibration is made using the images radar of both analysed events (Fig. 9.2 and 9.1). Several
parameters can be changed both for the fitting and for the genetic algorithm optimisation. The
size of the smoothing window is expected to be a very sensitive parameter, since it controls
the level of detail. Therefore, tests are made with Gaussian windows between 10 and 50 pixels
(Table 9.4). This parameters influences mainly the number of Gaussian functions. A tolerance of
2 pixels is used for the detection of the maxima, which needs to have an intensity (hailstone size)
of at least 0.2 cm to be kept.

When it comes to the optimisations, reasonably large bounds are used for all parameters
(Table 9.5). Very large bounds can however not be used, because it would make the optimisation
more difficult, but also because the optimisation needs to help defining parameters for the
simulations. It is particularly important to limit the stacking of the different Gaussian functions,
because this is more difficult to reproduce in the simulations. Therefore, a maximum size and
eccentricity has to be selected. The same can be said of the number of Gaussian functions.
Indeed, a large number of functions are expected to better reproduce the initial map, but to be
more complicated to reproduce. Therefore, a balance between the number of functions and the
generalisation has to be found.

The genetic algorithm toolbox settings are presented in Table 9.5 as well. The optimisation
is stopped after 30 000 iterations (one iteration being one generation), or when an improvement
of the RMSE of less than 107 is obtained on the last 500 generations. At each generation, 30
individuals are created, with a generation gap of 0.9, which means that 90 % of the individuals
are newly created by recombination, and the best 10 % are directly propagated from the previous
generation.

The properties of the Gaussian functions in the 10 optimisations are then retrieved in order to
keep the important characteristics for the simulations. Figure 9.19 shows the orientation of the
great axis of each individual Gaussian function in the optimisations. In most cases, the orientation
corresponds to the orientation of the main event with small variations. The optimisation in
Thurgau using a large number of Gaussian is an exception. Indeed, using a lot of functions,
they represent more the local characteristics than they generalize the characteristics of the event.
Figure 9.20 shows the cumulative distributions of the length-width ratios (x) in the optimisations.
The results are not obviously related to the size of the smoothing window and are comparable for
all optimisations. Figures 9.21 and 9.22 shows similar analysis for the standard deviation along
the small axis and the maximum intensity respectively. The standard deviation is clearly related

to the number of Gaussian functions. Logically, the higher the number of Gaussian functions,
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Table 9.4: Parameters used for the smoothing.

Parameter Value
Size of the Gaussian window [pixels] 10,20,30,40,50
Tolerance for the searching of maxima [pixels] 2
Cut-off intensity 0.2

the smallest are their standard-deviation, since a single function does not need to apply to a
large area. Indeed, an extreme case would be to have one Gaussian function per pixel with a
standard-deviation small enough so that they do not influence the neighbouring cells. This would
be a solution reproducing perfectly the initial map. When it comes to the scaling factor (¢), a
relation with the size of the smoothing window can’t be observed, but the scaling factors tend to
be smaller in the 2009 event than in the 2011 event.

The optimisations are presented spatially from Fig. 9.23 to Fig. 9.44. Figures 9.23 and
9.34 present the original raster maps with the same color scale as the optimisation results.
Figures 9.24—9.33 present the results of the optimisations for the 2011 event, whereas Fig. 9.35—
9.44 present the same results for the 2009 event. The green cross represent the great and small
axis of each Gaussian functions (their length representing the standard-deviations o, and o).

The results are always presented in terms of hailstone sizes and residuals.
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Table 9.5: Parameters used for the genetic algorithm optimization.

Bounds for the Gaussian functions Min | Max
Displacement of the initial g and yg [km] 0 10
Ratio of the initial hailstone diameter ¢jnitial 0.1 2
Smaller standard deviation o, [km] 0.5 10
Length-width ratio 1 20
Angle 6 [deg] 0| 180
Optimisation parameters Value
Maximum number of generations 30000
Number of individuals per generation 30
Generation gap 0.9
Stopping criterion 10
Number of generations considered before stopping 500
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Figure 9.19: Orientation of the great axis of the Gaussian functions in the optimisations. The
colors represent the maximum hailstone size of the Gaussian function (¢). nmax is the number
of Gaussian functions (number of detected maxima in the smoothed map) and RMSE is the rooted
mean squared error, where the error is the difference of the resulting map and the original one.
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Figure 9.21: Cumulative distributions of the standard deviation along the small axis (o) in the
optimisations. The combined distribution of all the Gaussian functions in all the optimisations is
fitted with a exponential distribution.
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Figure 9.22: Cumulative distributions of the scaling factors of the Gaussian functions (¢) in the
optimisations. The combined distribution of all the Gaussian functions in all the optimisations is
fitted with a exponential distribution.
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Figure 9.23: Maximum intensity reached during the 2011 event. The data are similar to Fig.9.2,
but displayed with the same layout and scale as the optimisation results.
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Figure 9.24: Result of the optimisation for the 2011 event using a smoothing window of 10 pixels
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Figure 9.25: Residuals of the optimisation for the 2011 event using a smoothing window of 10
pixels
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Figure 9.26: Result of the optimisation for the 2011 event using a smoothing window of 20 pixels
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Figure 9.27: Residuals of the optimisation for the 2011 event using a smoothing window of 20
pixels
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Figure 9.28: Result of the optimisation for the 2011 event using a smoothing window of 30 pixels
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Figure 9.29: Residuals of the optimisation for the 2011 event using a smoothing window of 30
pixels
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Figure 9.30: Result of the optimisation for the 2011 event using a smoothing window of 40 pixels
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Figure 9.31: Residuals of the optimisation for the 2011 event using a smoothing window of 40
pixels
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Figure 9.32: Result of the optimisation for the 2011 event using a smoothing window of 50 pixels
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Figure 9.33: Residuals of the optimisation for the 2011 event using a smoothing window of 50
pixels
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Figure 9.34: Maximum intensity reached during the 2009 event. The data are similar to Fig.9.1,
but displayed with the same layout and scale as the optimisation results.
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Figure 9.35: Result of the optimisation for the 2009 event using a smoothing window of 10 pixels
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Figure 9.36: Residuals of the optimisation for the 2009 event using a smoothing window of 10

pixels
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Figure 9.37: Result of the optimisation for the 2009 event using a smoothing window of 20 pixels
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Figure 9.38: Residuals of the optimisation for the 2009 event using a smoothing window of 20
pixels
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Figure 9.39: Result of the optimisation for the 2009 event using a smoothing window of 30 pixels
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Figure 9.40: Residuals of the optimisation for the 2009 event using a smoothing window of 30
pixels
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Figure 9.41: Result of the optimisation for the 2009 event using a smoothing window of 40 pixels
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Figure 9.42: Residuals of the optimisation for the 2009 event using a smoothing window of 40
pixels
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Figure 9.43: Result of the optimisation for the 2009 event using a smoothing window of 50 pixels
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Figure 9.44: Residuals of the optimisation for the 2009 event using a smoothing window of 50
pixels
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New events modelling

New events are created according to the parameters in Tables 9.6 and 9.7. A total of 500’000

events have been created and necessitated around 1’000 processor hours.

The parameters have been partially adapted from the results of the Model calibration, and
most of them come from previous analyses and have slightly changed in the final results. However,
due to the long computation time, the modelling of new events has not been completely adapted
yet. For instance, the bounds used for p are 1.2533 and 80 % of this value, whereas a value
of 1.1284 is obtained in the new model calibration. The value of 1.2533 has previously been
obtained from a similar analysis and the bounds of 80 % has been adjusted by trial and error so
that the slope of the Marshall-palmer law adjusted on the results (Fig. 9.46 and 9.47) follows a
slope similar as what is expected from the function adjusted on the hazard maps (Fig. 9.4b). The
distribution used here assumes that events covering a larger surface have a larger probability of
having large hailstones. This trick might however be solved by the  value obtained in the new

model calibration, since it is roughly in the middle of the bounds used here.

Table 9.6: General parameters of the event (ellipse). For random uniform sampling, the para-
meters correspond to the upper and lower bounds, for normal uniform sampling, the parameters
correspond to the mean and the standard deviation, whereas for the uniform sampling, the pa-
rameters correspond to the quantile and to the lower and upper bounds. Thus, to define u, the
surface of the ellipse is used, and its corresponding quantile in the distribution of event’s size is
used to sample the uniform distribution between the given bounds.

Param Distribution

Great axis length [km] | L = rand_uniform(1, 100)

Eccentricity [-] K = rand_uniform(2, 10)
Angle [deg] A = rand_normal (45, 20)
Size distribution p = uniform(M, 0.8 x 1.2533,1.2533)

The length-width ratio is lower here than in most of the analyses (Fig. 9.20). This is because
large ratios produce very big and elongated Gaussian functions that are more susceptible to be
added to each other and to produce uncontrollable results. The same bounds should however
be tested on the calibration since they might affect the other parameters. With the same goal of
limiting the extent of the Gaussian functions, the standard deviation o, is bounded to 1000 m.

When it comes to the distribution used, in this case as well the value of 3025 used in the
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Table 9.7: Gaussian function parameters. The name of the distribution used for the sampling and
their parameters is indicated.

Param Distribution

Position according to the probability raster
Max. height ¢ = rand_exponential (1)
Eccentricity # = rand_uniform(1, 3)

Standard deviation in y o, = min(500 + rand_exponential (3025), 1000)

Direction of the great axis | # = rand_normal(A, 10)

exponential distribution comes from previous results and is higher to the one presented in
Fig. 9.21.
The mean n0 parameter obtained in the simulations is 4.10 x 1073, Therefore, to transform

the number of simulations reaching or overpassing a threshold in annual frequencies, the values

are multiplied by:
expected n0 449
modelled n0 4.10x10— -3
= =219 x 10 9.8
number of simulations 500000 8 ©8)

Where 4.49 is the expected n0 value for Aargau (Fig. 9.4b). Figure 9.48 shows the variation in
percent between the simulated values and the expected ones for the entire Swiss territory. If the
value is logically correct for Aargau, it is also correct for the South-Eastern Switzerland (Tessin).
On the other hand, it is especially wrong for the eastern Switzerland (GR on Fig. 9.4) and for the
borders of zones PW-AW and VS.

The mean lambda parameter obtained through the simulations is 1.51 for the canton of Aargau,
when a value of 1.52 is expected. The agreement of this parameter with the expected values is
generally good, except again for zone GR. From these two maps, it is possible to see that the
model is not able to reproduce the function of zone GR, which has a slope quite different from
the other regions (Fig. 9.4b).

When it comes to the losses, the mean risk obtained through the simulations is 17.1 mil-
lion CHF/year, which is low compared to the results of the mean risk analysis (Fig. 9.17), since it
corresponds roughly to the quantile 30 %. Furthermore, since the A parameter adjusted on the
simulation results is slightly higher than the one used to calculate the mean annual risk, we would

rather expect a higher risk with this model.
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Figure 9.45: Parameter n0 of the adjusted Marschall-Palmer law fitted on the results and scaled so
that the mean for the rectangle containing all the buildings is 4.49. This figure is to be compared
with the expected n0 for each area of Switzerland (Fig. 9.4)

Finally, the frequency at which a given amount of losses is expected to be reached is given in
Fig. 9.50. According to this set of simulations, the 2011 event has a return period of 45.7 years

for the Aargau insurance company in terms of losses.
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Figure 9.46: Parameter \ of the adjusted Marschall-Palmer law fitted on the results. The modelled
frequency-size relation for the color points is given in Fig. 9.47
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Figure 9.47: Modelled frequency-size relation for different points in the Canton of Aargau (see
Fig. 9.46. The expected distribution is retrieved from the hazard maps (Fig. 9.4b).
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Figure 9.48: Difference in percentage between the simulated value and the expected value of the
parameter n0 of the size—frequency law. A value above 0 means that the parameter is higher in
the simulations than its expected value. The scale has been bounded to 100 % on both side in
order to better see the values on the Aargau region, where the variations are relatively small
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Figure 9.49: Difference in percentage between the simulated value and the expected value of the
parameter A of the size—frequency law. A value above 0 means that the parameter is higher in the
simulations than its expected value. The scale has been bounded to 100 % on both side in order
to better see the values on the Aargau region, where the variations are relatively small
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Figure 9.50: Annual frequency of events with a given damage cost. According to this model, the
2011 event corresponds, for the Aargau building insurance, to a return period of 45.7 years in
terms of cost.
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9.5 Discussion

The loss model retrieved from the different events shows that there is a large part of variability
and that the available data do not allow the creation of a very precise model. Several reasons can

be raised to explain this:

o The maximum hailstone size might not be a good proxy for the losses and might be replaced
for example by the total kinetic energy (as in Hohl et al., 2002a,a). This would however
make the analysis more complicated since there is no intensity map based on this parameter

that is easy to obtain.

o The radar might be not precise enough or even wrong in some areas. This is supported for
example by the difference in terms of losses between the cantons of Aargau and Zurich,
although the radar intensity map is comparable for both cantons. This is also supported by
the low coefficient of correlation of the modelled proportion of damaged buildings with the
observed ones at the municipality level (ZH, AG, TG and LU in Table 9.2).

e The building portfolio might be too much different between one canton and another. This
would also explain especially the higher loss per building in Aargau as compared to the

other cantons.

e There might be some important difference in the event itself, for example when it comes to
the wind intensity or the time of the day. Indeed, an event occurring at night might damage
more blinders than one occurring during the day. However, this effect should be limited

since most of the analysis is done on one event.

Although it is difficult to confirm or infirm these hypotheses, it is still manifest that there
is a link between the radar intensity and the losses. Furthermore, the losses where the radar
indicates an hailstone size below 2 cm are quite limited, which is in agreement with Imhof and
Choffet (2012). Therefore, we can consider that the model has a predictive capability, although
the variability is quite large, in order to be in accordance with the different cantons. The loss
model somehow includes thus the uncertainty of the actual hailstone size with regard to the one
indicated by the radar.

When it comes to the mean risk, the median value obtained for the 19 cantons with public
building insurance is large compared to the statistics. Indeed, a value of 86 million CHF/year
is expected, whereas the mean modelled value is 363 million CHF/year. However, due to the
large variability of the loss model, the excepted value is not exceeded in 12 % of the models.

The reasons for a risk higher than expected from the statistics can be of two natures. The first
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hypothesis is that the model is not accurate, whereas the second hypothesis is that the statistics of
the past events does not reflect the current risk. To support this second hypothesis, Imhof (2011)
reveals that the hail damage has increased both in terms of proportion of damaged buildings and
in monetary losses. This could result from change in the hazard, or, more probably, from changes

in the construction materials. However, the model is probably still affected by some limitations:

e The hazard maps might be too pessimistic. Indeed, they are based on radar data, which,
as suggested by the difficulties encountered when building the loss model, seems to be

affected by false positive.

e The loss model might not reflect all the parameters controlling the reality. As suggested
above, this model has indeed a limited predictive ability due to its large variability. This
could indicate that the parameters « and 3 of the gamma distribution should tend towards

the lowest values rather than the upper ones.

Finally, the event modelling still contains a lot of uncertainty on many parameters, but allows
obtaining a first estimation of the return period at which a given amount of losses is to be expected.
Thus, the 2011 event can be estimated as having a return period of around 50 years, which seems
to make sense. The modelling approach is however very sensitive to the parameters and the good
agreement of the modelled slope of the frequency-size relation (\) with the expected one resulted
of a lot of trial and error. In addition, the model is based on only two intensity maps, that both
concerns relatively important events. Therefore, the characteristics that can be retrieved from
these two maps are quite limited. This study would greatly benefit from more intensity maps of

diverse events.

9.6 Conclusions

Although the models developed in this chapter are still affected by large uncertainties, different
lessons can be learnt from them. First, the loss model offers the possibility of estimating rapidly
after an event the damage extent. Although the model will give a large range of possible values,
first reports from the ground can help to know in which part of the range the actual damage will
be. They also give an indication on the reliability of the hail intensity maps when it comes to the
losses estimation. In addition, the analysis shows that the losses per damaged buildings in the
2011 event in Aargau tends to be higher than for other regions, which could result from a different
type of buildings. In addition, further information on the buildings could easily be included in the
model, for example regarding their age or their function.

When it comes to the risk, the model gives an idea of the risk to expect, although the results

are quite uncertain. If the loss model is modified, the mean risk estimation could also help
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in testing the effect of different measure that the insurance companies could take, especially
regarding the building materials.

Finally, when it comes to the event modelling, much improvement can be made. However,
such a model is useful to test different actions that the insurance companies could take and offers

more details than the mean risk estimation.
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Chapter 10

Concluding remarks

10.1 Discussion and synthesis

10.1.1 Local risk analyses

Chapter 2 compares Structure-from-Motion photogrammetry with LiDAR, in order to estimate
the potential of this first method for hazard analysis. The main advantages are that this method
is low cost and that a camera can easily be carried by a drone, thus offering the possibility to
acquire data in inaccessible or hidden area. The main drawbacks are the registration issues and
the poor performance in vegetated areas.

For risk analysis analyses at local scale, the tool Valdorisk is discussed first (Chapt. 3). It is
based on EconoMe (Briindl et al., 2009) and offers the advantage of being easy to use and allows
for fast estimations of risk, but it is also suited for an in-depth analysis. It aims at performing a
risk analysis at local scale, for a relatively small group of objects. It is suited for multi-hazard risk
assessment, but not for multi-risk assessment (according to the terminology of Garcia-Aristizabal
et al., 2015), since the interactions of the hazards are not considered.

Then, the question of the impact of a landslide on a moving vehicle is discussed. When it
comes to risk analysis in Switzerland, the method that was used up to EconoMe 2.0 and that is
still used for cars in EconoMe 3.0 neglects the dimension of the vehicle. Thus, for rockfalls on
trains, the impact probability used to calculate the risk only depends on the size of the block. On
the other hand, many articles dealing with rockfalls neglects the dimension of the block and take
only the one of the vehicle into account. Chapter 4 proposes a simple solution that accounts for
the dimensions of the landslide and for the dimension of the moving vehicle. Another method,
that is more complex since it considers the impact on the front of the vehicle as well, is discussed.

Chapter 5 discusses the problem of summing the risk of 3 scenarios by showing how a

255
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supposedly conservative approaches actually underestimates the risk. It proposes two solutions
that allow being as close as possible to the expected risk curve using no additional input. The
simplest of the two approaches is also included in Valdorisk. The same chapter proposes an
approach that allows including the uncertainties in the risk analysis by using triangular distribution
functions with a limited number of user-defined parameters. This approach is not included in
Valdorisk yet, but also aims as being as simple as possible to use.

To conclude this part, which is mostly devoted to cost-benefit analyses at local scale, Chapt. 6
discusses the matter of communicating the risk when protection measures have been built. It
shows through the example of La Faute-sur-Mer that building behind protection measures is not
always safe and that the authorities and the population should be aware that the hazard is reduced,
and that this reduction is only guaranteed as long as the protection measure is efficient. Indeed,
the protection measures have a limited life time in most cases. The proposed method consists in
overlaying the hazard level without protection measures with symbols of the protection measure.
These symbols take the colour of the new hazard level.

This part covers the whole span of local-scale risk analysis, and takes the point of view
of public authorities, who have the need to protect both the society and its individuals. For
this purpose, risk analysis helps in allocating the financial resources where protection measures
are most effective. In this process, consistent local risk analyses have to be made to insure an
homogeneity among all the territory, which can be reached using a standardised risk calculator
such as EconoMe or Valdorisk (Chapt. 3). However, this part highlights that the simplifications
that are made need to be re-evaluated when the method is applied for a slightly different purpose
(Chap. 4 and 5). Also, since these analyses suffer from high uncertainties, a simple method
for uncertainty analysis is proposed (Chapt. 5) and would allow for more representative results.
Finally, once measures are taken, a good risk management procedure should permit to identify

the protected area in order to avoid increasing the risk again by building new assets (Chapt. 6).

10.1.2 Regional risk analyses

For regional risk analyses, several models have been presented. In Chapt. 7, the developed model
presents an estimation of the costs and the number of affected buildings to expect for a building
insurance company. The analysis is based on data collected from a private civil engineering
company and from the municipalities that are the most affected. The risk analysis is based on
scarce data, and the results are given in the form of exceedance probability curves, which give an
idea for the insurance company of how the losses should vary over the year. The different curves
present different hypotheses and give a measure of the sensitivity of the analysis to some of the

least known parameters. Since this first analysis, hazard map have been made and a comparison
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of the hazard levels with the indicative hazard level is done for each building. This gives the
insurance an overview of the risk for their portfolio.

Chapter 8 presents a risk model for shallow landslides based on a rainfall-induced large
landslide event. It discusses the relation of precipitation amounts with the landsliding probability
and the probability for a landslide to impact a building. Then, using these probabilities and the
rainfall event used for the calibration, it is possible to analyse the potential consequences of the
rainfall event. From this analysis, it is possible to see that the landslides are positively correlated
with the building density. As a result, we suspect that the landslides are partly human induced
(see also Jaboyedoff et al., 2016).

When it comes to hail risk (Chapt. 9), the amount and quality of available data permits to
establish a vulnerability model, using the maximum hailstone size derived from meteorological
radar data as a proxy. This model needs however to include a lot of variability since it can be seen
that the link between the hail intensity assessed with meteorological data and the vulnerability
is fuzzy. This model can still be used to obtain a fist idea of the losses directly after an event,
using a radar-based intensity map and the location of the buildings. The vulnerability model is
then used together with hazard maps to establish the mean annual risk. The obtained results are
above the expected values, but it might be related to an augmentation of the risk due to changes
in the construction materials. However, an event-based approach is preferable for an insurance
company since it also helps to plan for the compensation and for the extra workload related to
a large event. A first attempt of such a model is presented in this document and uses Gaussian
functions to reproduce the variability in hailstone sizes inside an event.

These three chapters present different approaches of risk analysis at regional scale. The
differences between the methods used in these chapters are mainly driven by the available data,
which are and will always be incomplete since many parameters can have an influence on the
risk, and can’t be assessed at a regional scale. As a consequence, the approach of stochastic
risk modelling has been chosen for these studies since it is relatively versatile and permits
to include additional data when they become available. In the context of building insurance,
stochastic risk modelling permits to predict future losses (for example in Chapt. 7) and to test
mitigation strategies, for example requiring a minimum hail resistance for the building materials
(see Appendix E). In addition, stochastic risk modelling permits to test our understanding of
the factors controlling the risk. This is well illustrated by Chapt. 8 since a relatively simple
risk modelling indicates that the human influence on landslides should be investigated further to
improve the model. Stochastic risk modelling permits in addition to test the sensitivity to each
of the factors. This is for example done in Chapt. 7 and shows that the correction factor which
accounts for the incomplete dataset even in the best case is an important parameters that would

need to be better constrained to improve the reliability of the analysis.
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This part also uses non traditional approaches to assess the degree of loss of the buildings. In
in Chapt. 7 and 8, the degree of loss is not a function of the intensity, but is a statistical distribution
that does not depend on any parameter. The hazard intensity is thus implicitly included in this
statistical distribution, since if the intensities are generally low, the statistical distribution will
tend to give low degrees of loss. On the other hand, in Chapt. 9, the model is more complex
and is composed of two parts, to better differentiate the buildings that are not damaged from the
buildings that are damaged. This approach is not standard, but a similar one has for example been
applied for earthquakes (Pei and van de Lindt, 2009). This highlights that other approach than the
vulnerability curves traditionally used for landslides might be more suitable for stochastic risk
models, especially when the number of affected buildings needs to be known.

When it comes to the hazard, one could argue that the models used are too basic, when more
sophisticated models have been described in the literature (especially for Chapt. 7 and 8). This is
only partly true, since many models described in the literature are susceptibility models and do
not give a real frequency, neither do they give a relative frequency. Therefore, although these
susceptibility models give precious information to identify the most affected area or to help in the
land-use planning, the information they provide can’t be directly transferred into a risk model.

Therefore, the models proposed here permit to deal with the lack of spatial frequency assessment.

10.2 Research perspectives

At local scale, many limitations have been observed in the risk analysis. Of particular importance
is the coherence of the methodology used and its clarity, in order to be sure that the operator is
using it properly. The tool presented in Chapt. 3 tries to be as open and clear as possible, offering
targeted explanations when needed. Subsequently to this work, this tool has now been adapted
with a cartographic interface based on Aye et al. (2016), which offers the user a better visual
check of the results. Further developments have to be made in order to obtain a simple yet correct
approach that would adapt to every particular situation. Furthermore, cost-benefit analyses are
limited by the need of having an estimation of the price and effect of the planned measure and
it is therefore not trivial to use this approach on a more regional scale, for example in order to
establish priorities in the protection works. Therefore, standard values could help identifying the
sites where the benefit-cost ratio would be the more optimal.

At both local and regional scale, one of the main problems in risk analysis is the vulnerability.
Indeed, vulnerability is not a straightforward parameter since it can express the damage in
different ways. In the present work (particularly in Chapt. 7 and 9), it is mostly reflecting the
reparation cost and is therefore quite well constrained. In other research that are not taking the

point of view of an insurance, the vulnerability is often expressed in terms damage class (e.g.
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Jakob et al., 2012) and/or assessed visually based on the affected elements of the building (e.g.
Gutiérrez and Cooper, 2002). The access to insurance data in Chapt. 9 shows the potential of
using such data and the need to work with the company in order to improve the exploitability
of the data (see Appendix E). This question is also discussed in Appendix B (Ciurean et al.,
2017) or in Papathoma-Kohle et al. (2011). In Valdorisk (Chapt. 3), the vulnerabilities are taken
from EconoMe, but it is also not clear how these vulnerabilities have been established. This
is a problem when reusing the vulnerabilities since, as seen with the problem of the temporal
spatial probability (Chapt. 4), the vulnerability needs to be adapted to the risk calculation. Indeed,
for example, one could wonder if the vulnerability is the conditional probability for a train
passenger to die if any part of the train is affected, if the wagon is affected or if the area where
the passenger is located is affected. If this is not known when the risk analysis is performed, it
will most probably give erroneous results. For this issue, a transparent catalogue of event with
characterisation of the event properties and the consequences is required (e.g. Voumard et al.,
2016).

When it comes to the hazard, as shown by the simple models presented in Part I, there is
a need for further research on regional models that can be used for risk analysis. Indeed, as
discussed above, the existing models (e.g., for shallow landslides, Pack et al., 1998) often lack
a frequency or do not assess the frequency in a way that can directly be used in a risk analysis.
Other models are focussed on the process itself and produce data that are not necessary for the
risk model. Therefore, a right balance between a simple model such as the one used here for hail
(Chapt. 9 and a model integrating all the knowledge on the process has to be found. When it
comes to the model used in Chapt. 8, it should be tested with other events, and probably adapted
to something closer to the rainfall thresholds that uses both duration and intensity (e.g. Crosta,
1998). Indeed, as is, it is difficult to adapt to other events, since these parameters, as well as
the antecedent rainfall, are important. These curves do however not predict the probability of
landslide.

10.3 Conclusion

Although the basic principles of risk analysis have been established for a long time, it is still not a
straightforward process since many parameters influence the risk. This manuscript highlights that
the procedure used to analyse the risk needs to be adjusted to each case and that one need to be
careful with the assumptions made, especially when a model is transferred to another case study.
In addition, the importance of accounting for the uncertainties is highlighted. This manuscript
also shows the relevance of stochastic risk modelling at regional scale, which, in addition to

providing an estimation of the risk, permits to test the sensitivity of the factors controlling the
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risk, to better understand these parameters or to test mitigation strategies. It also permits to work

with incomplete data, which are often the only available data, especially at regional scale.
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Abstract. Unlike fragmental rockfall runout assessments, Cascini, 2008; Jaboyedoff et al., 2012). The field of propaga-
there are only few robust methods to quantify rock-mass-tion modeling is under fast development, aiming to compute
failure susceptibilities at regional scale. A detailed slope an+unout probabilities with empirical, process-based and GIS-
gle analysis of recent Digital Elevation Models (DEM) can based models (Dorren, 2003; Volkwein et al., 2011), such as
be used to detect potential rockfall source areas, thanks to the ONEFALL (Jaboyedoff and Labiouse, 2011), Rockyfor3D
Slope Angle Distribution procedure. However, this method (Dorren, 2011), HY-STONE (Crosta et al., 2004) or ILWIS
does not provide any information on block-release frequen{van Dijke and van Westen, 1990). However, there are not
cies inside identified areas. The present paper adds to thget robust and objective methods to detect source areas at a
Slope Angle Distribution of cliffs unit its normalized cumu- regional scale and quantify rock-mass-failure mean suscep-
lative distribution function. This improvement is assimi- tibilities. In the present work, the authors intend to provide
lated to a quantitative weighting of slope angles, introducinginformation about susceptibility indicators on potential rock-
rock-mass-failure susceptibilities inside rockfall source areadall source areas.

previously detected. Then rockfall runout assessment is per- Rockfall is very likely to be found in steep slopes (Heim,
formed using the GIS- and process-based software Flow-R1932; Hoek and Bray, 1981; Crosta and Agliardi, 2003; Dor-
providing relative frequencies for runout. Thus, taking into ren, 2003). From a basic approach, unstable rock slopes
consideration both susceptibility results, this approach canan pe delimited through the steepness of the topography.
be used to establish, after calibration, hazard and risk mapf can be done with a simple method of slope angle thresh-
at regional scale. As an example, a risk analysis of vehiclé|d, which can be defined from distinctive evidence (i.e. cliffs
traffic exposed to rockfalls is performed along the main roadsyying above scree deposits, fieldworks or historical events)
of the Swiss alpine valley of Bagnes. when it is not arbitrary defined (Toppe, 1987; Dorren and
Seijmonsbergen, 2003; Guzzetti et al., 2003; Jaboyedoff and
Labiouse, 2003; Frattini et al., 2008).

1 Introduction Furthermore, several authors showed supplementary con-
ditions influencing rock slope stability (Terzaghi, 1950,
Mountain roads are frequently exposed to fragmental rock-1962; Bieniawski, 1976; Selby, 1982; Willie and Mah,
falls (Piteau and Peckover, 1978; Budetta, 2004), involving2004, Jaboyedoff and Derron, 2005), classified in internal
independent blocks of relatively small sizes characterized byparameters (IP, i.e. lithological, geo-mechanical and struc-
high energy and mobility (Whalley, 1984; Willie and Mah, tural settings) and external factors (EF, e.g. active tectonic,
2004). Recent advances of high resolution Digital Elevationwater infiltration, weathering, etc.). Therefore, more com-
Models (HRDEM) combined with Geographical Information plex models have been developed integrating these condi-
System (GIS) technologies have made rockfall susceptibilitytions to enhance the source detection at regional scale. They
mapping possible (Willie and Mah, 2004; Derron et al., 2005; introduced rating systems following empirical multi-criteria

Published by Copernicus Publications on behalf of the European Geosciences Union.
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observations (Pierson et al., 1990; Baillifard et al., 2003),
structural settings and kinematics analysis (Wagner et al.,
1988; Jaboyedoff et al., 1999; Gokceoglu et al., 2000;
Gunther, 2003), safety factor computations (Hoek and Bray,
1981), or joining IP and EF conditions {@ther et al., 2004;
Oppikofer et al., 2007).

But, all these methods obviously depend on the possibility
of collecting a lot of complex and reliable information on the
area of interest. For example, the simplified Rockfall Hazard
Rating System method (Pierson et al., 1990; Budetta, 2004)
requires eleven parameters per outcrop as an input to esti
mate the rockfall susceptibility along a road. Moreover, these
methods usually use very high resolution datasets that are
not often available at regional scale. For instancént@er
(2003) applied his model SLOPEMAP to extract structural
features of the hard rock terrain using & 5m DEM pixel
size for a study area of 2.5 Kywhich is inappropriate when
only 10x 10 up to 30x 30 m DEM pixel sizes are available
at regional scale. These methods require too high resolutiopoads of the Swiss Alpine valley of Bagnes (Fig. 1) is as-
information and too many parameters to be practically andsessed and expressed in terms of number of direct impacts

rapidly applied on fairly large areas. per year of blocks on vehicles.
However, strong correlations between topography and

earth surface processes have been suggested for many years

(Powel, 1876 and Gilbert, 1877, cited in Montgomery and2 Methodology

Brandon, 2002; Strahler, 1954). The terrain morphology )

reflects the compounded influence of these internal settingg-1  Detection of sources areas
(Locat et al., 2000). Hence, Rouiller et al. (1998) and then
Loye et al. (2009) proposed the Slope Angle Distribution

(SAD) procedure to use the topography as a proxy to de'Strahler’s law of constancy of slopes (Strahler, 1950) tells

tect potential source locations. The next step is to assess thtﬁat the morphology of a slope topography tends to group
susceptibility level of rockfall release of the potential source redominantly around several mean slope angle values that

Iogations previously detected. The.ref.ore, this paper propqsegre normally distributed with low dispersion. These partic-
to improve the SAD procedure by linking the cumulative dis- ular slope angles of convergence can be often related to the

tribution function of the slope angle to quantitative block re- most frequently encountered four major morphological units

lease susceptibility. . . .
The Flow-R software (Horton et al., 2008; Blahut et al., (Oppikofer etal., 2007; Loye etal., 2009):

2010; Kappes et al., 2011) is used to compute rockfall runout — Plains formed by fluvio-glacial deposit; these corre-
areas. It assesses propagations thanks to an open choice of spond to the set of low slope angles;

algorithms and parameters of probabilistic spreading and ba-

sic energy balance, such as a multiple flow direction model

Fig. 1. Photography of a rockfalls event in 2006 that reached twice
the road section near Le Plamproz, in the Bagnes Valley.

2.1.1 Slope Angle Distribution procedure

(Holmgren, 1994) coupled with an inertial factor (Gamma, — Bottom parts of the valley flanks comprising alluvial
2000) and a maximum runout distance based on a Coulomb  fans related to debris flow deposits and landslides mass.
friction model. Moreover, since Horton et al. (2008), the These correspond to the set of foot slopes angles;

model has been modified to take into account the suscepti-
bilities of block releases in the resulting spreading.

Finally, this improved methodology allows us to draw
rockfall susceptibility maps. Then, after a calibration based
on available rockfall inventories, hazard maps can be ob-
tained, taking into consideration both relative frequencies
of block release and propagation (Jaboyedoff et al., 2005;
Corominas and Moya, 2008). Indeed, the hazard is always _ cjiffs and rock faces corresponding to the very steep
a challenging parameter to estimate in a Quantitative Risk  ggtg of slope angles.

Assessment (QRA) (Corominas et al., 2005).

As an example of the applicability of this procedure, the Hence, the morphology of a terrain displays characteristic

risk of fragmental rockfalls to vehicle traffic along the main slope angles that can be directly related to the geomorphic

— Talus slopes and valley sides (flank) covered by till,
screes and debris mantles as well as rocky outcrops
lightly covered with soil. These correspond to the set of
steep slopes angles;
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processes involved in slope stability. Rockfall source areasa

are commonly found in the steepest morphological units. 0:035 { : i E::S‘SAFD)
Based on these statements, Rouiller et al. (1998) and then o4 Sl Foot slopes

Loye et al. (2009) have established a DEM-based geomor- .| 1 = Steep slopes

phometric approach to detect these morphological units and (fmss\, . E,"r;ff,gl -

0.03 N e

therefore rockfall source areas, named the Slope Angle Dis-
tribution (SAD) procedure. The classification is done by
computing the Slope Angle Frequency Distribution (SAFD)
of the study area, the frequency being normalized consider- %9351
ing their real surface of occurrence. The SAFD is then de- oo
composed into several Normal distributiofis 16,005

1 1 (s—m, 2 O
f(S)=w'E'eXp|:—§'( - ):| 1) :

0.8 4

0.025 A o *

0.024

Frequency [-]

@
o

where f is the normal probability distribution func-
tion (PDF) of the slope angle valueincluded within the
interval [0;90], 0 its standard deviations its mean value
(Kreyzig, 2006) andv a weighting factor which is linked to
the proportions between unit surfaces inside study areas. The§
sum of these theoretical normal curves has to rebuild the real £
SAFD (Fig. 2a). ‘ . _ | . ‘ .
The above-mentioned sets of morphological units do not ¢ L
always exist in the study area; the number of normal curves Slope Anle [
is therefore given according to the number of morphological

units present in the area of interest (as detailed in Loye Nall 2._ (A) Normal distributions of the slope angles of the granitoids
al., 2009). Moreover, in some cases (Fig. 3a), the distribu-HMA in the Bagnes Valley, extracted from a 10 m-DEM. Three pa-
' ' ' ameters are used to detect potential rockfall source avgashich

tion of the slope angles of cliffs units has to be decomposecf

. . . Is the mean angle of the cliffs distribution aadts standard devi-
into two normal functionsf; and f2. This can be caused by ation; mss which is the mean angle of the steep slopes distribution.

the topography itself (potential high dispersion of this unit |, yis case, cliffs units are decomposed in only one normal distri-
that possibly exists from 450 90°) or by the extent of the  pytion. (B) Normalized cumulative distribution function gy for
support (limits of the study domain). In theory, it could be di- the cliffs units, assimilated to a quantitative weighting of potential
vided into more than two distributions; but in our experience, rockfall source areas, i.e. to a rock-mass-failure susceptibility. The
two distributions are sufficient. Then, the total distributipn  mean angle of the steep slopes distributiegs is used as a first

of cliffs units is simply defined as the sum ¢f and f»: threshold to exclude lower values as potential rockfall source areas.

fi(s) = f1(s)+ f2(s) )

Technically, the input values for the initial normal distribu- Morphotectonic areas (HMA), following similar lithological
tions are defined according to the local maximum and min-characteristic rock mass structure and geomorphic activity,
imum that can be visually identified along the SAFD. The &nd one SAD procedure has to be done for each HMA.
fitting process is performed by minimizing the error between To sum up, the SAD is a systematic approach to extract
the most-likely sets of normal curves and the target function? slope angle lower threshold for each HMA, corresponding
(namely the SAFD) using a simplex optimization solver. The to the limit between the steep slopes and cliffs normal distri-
morphological units are then delimited finally according to butions. This procedure leads to Booleans results (i.e. in/out
the sets of normal Slope Angle Distribution, where a nor- cliffs units) and cells included inside these cliffs areas are
mal curve becomes dominant over the others. An examp|é:0n3ide|’ed as pOtential sources of fragmental rockfalls.

of classified slope steepness map in shown in Fig. 4. The

cliffs morphological unitf; is then considered as the poten- 2.1.2 Refinement of the Slope Angle Distribution

tial rockfall sources areas.

Finally, considering that the local morphology of an As stated in the introduction, taking into account all internal
Alpine valley is partly controlled by structural settings and parameters and external factors can require too high resolu-
rock-mass properties (Terzaghi, 1962; Selby, 1982; Willietion dataset and too many parameters to be applied on a fairly
and Mah, 2004), different lithological and tectonic units have regional scale in order to precisely detect and rate potential
to be considered in order to refine the morphological analy-rockfall source areas. But as topographies are strongly cor-
sis. Therefore, the study area is classified in homogeneouselated with internal rock settings (Locat et al., 2000) and
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