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Abstract

This paper presents an oveaw of the methods for the quantitative assessment of landslideaistd largely in the
authorOs experiendefirst revisitssomebasic landslide hazard and risk concepts from the quantitative point of view.
Special emphasis is placed thre spatiallydistributed nature ofherisk componentsThe issues addresséatus on
the outputs and quality of landslide susceptibility analysis antherstepsto evaluatehazard. Thecombined effect
of bothclimate and anthropogenic changes, though complex apgkgphically dissimilarcan no longebe ignored.
Empirical evidence suggests the existence of a mewifinite regional landslidenagnitudealthough additional
researchis neededo identifythe factas controllingit at a regionallevel The qiantitative risk analysis facilitates
the evaluation ofthe performance of each risk component, its relevance in thlerésult and provides criteria for
risk acceptability assessment and risk mitigation pl&iskmay be quantifiedy the aggregation oécenaros of
different probability of occurrenc@&levertheless,grforming completenulti-hazard risk analysis moredemanding.
It requires the use of a common metrics and the appropriate identification wérsze in which the interaction
between potential lE@mrdous processes may occur.
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1. INTRODUCTION (Ho, 2004; Fell et al. 2008). is recommended
because the procedures can be replicated while
gaps in input data and weaknesses of the analysis
can be identified. QRA is useful for decision-
makers because risk from different locations can be
directly compared and costbbenebt analysis is
facilitated. It helps governmental agencies in
making rational decisions on the allocation of
resources, and prioritize risk mitigation actions.

Landslides cause high toll of deaths and
damage to society (Petley, 2012). However,
landslide occurrence is difficult to forecast.
Forecasting implies the specification of the time,
location, and magnitude of a future event within
stated limits. It must be accurate and reliable,
without false alarms or missing events. In spite of

recent advances in monitoring and some successf ast but not least, risk quantification increases the
experiences (i.e. Lo'w, 2017), we are not yet ready » [ISK quan e
awaeness of the existing risk levels by defining

for a trustworthy forecasting of the landslide " - e )
occurrence. This task requires the understanding o'rf|Sk acceptapility criteria (Corominas et al. 2014b).

the, often complex, mechanisms driving the owever, it must be warned that the reliability of
instability (Crosta et al. 2013) and it is particularly the quantitative analysis is strongly dependent on

challenging when considering landslide occurrencemg qlrjﬁel'gogstheéjs;? uc?:r?n%rt]d :)enpltgc?esnriri]g;ir:] gf
at a regional scale (Canli et al. 2018; Segoni et alinformation or amend incorrect assumptions
2018). As alternative, we may anticipate future '

scenarios of risk and evaluate their consequences. The work carried out during the last few decades
on landslide hazard and risk analysis cannot be

Risk assessment is a procedure designed 1Q,mmarized in this contribution. The reader will
support the management of the landslide threat. lig 4 extensive reviews in Dai et al. (2002), Glade et
ultimate goal is deciding whether the risk level is 5, (2005), AGS (2007), Fell et al. (2005, 2008)

acceptable or not (Ho et al., 2000), and provide oo ang Jones (2013), or Corominas et al. (2014b).
criteria to implement strategies to avoid or at leastra aim here is to discuss some critical issues and
minimize the consequences of future events.

) X O " >challenges in landslide risk research. A brief
Evaluation of landslide hazard is still challenging. yescrintion of concepts related to risk is included.
Despite the experience accumulated over more tha giscyssion follows on the steps, the diversity of
40 years, there are no widely accepted standards fQf, 54 ches to assess risk, and on the challenges we
the assessment and mapping of landslide hazargyce i the future. This review builds upon previous
The diversity of approaches developed maites

e ) work published by the author on landslide
difficult to compare the results and implement the s e ntibility, hazard and risk analysis as well as on

advances efficier_fgly. Standards are necessary tg,, experience gained its application to land use
help local authorities, who often have to Manageén|anning and civil engineering works.

the landside threat with limited resources.
In the text, we use the nomenclature for

The.re. s an extensive 'scientific [it_erature landslides collected by Hungr et al. (2014), which
describing methods for landslide susceptibility and; | des fall slide. debris flow. and slope
ga;arzd gssr?ssmelntzo(iég. thac}—n et arl{ 2008sformation. Unless otherwise specified, the term

eichenbach et al. and references therein),,yqjide will we used generically to refer any type

Some methodologies allow quantifying risk of q1one failure. The state of activity and type of
directly, but most do not. It is therefore necessary.,;uvement follows nomenclature of WP/WLI
to select the most suitable approach, which must bg993). '

tailored to the object of the analysis. All approaches

have_b_e_nefited from the develo_pment of new datay | ANDSLIDE HAZARD AND RISK
acquisition and treatment techniques (Van Westen-oNCEPTS

et al. 2008). This includes data capture tools such ) o

as hyper-spectra| imagery’ d|g|ta| photogrammetry, The StUdy of landslides has some SpeCIfICItIeS.
radar interferometry, lidar (Jaboyedoff et al. 2012; Unlike other natural hazards such as sea storms,
Scaioni et al. 2014; Casagli et al. 2017) as well adorest fires, or hurricanes, which are not site-
both statistical and deterministic models integrateddiscriminant, landslides only occur in distere

in GIS platforms (Baum et al. 2005; Godt et al. susceptible portions of land. Their analysis requires
2008). the application of the eartBdence technology

I(Hansen, 1984). Other natural hazards are
characterized by well-defined sources (e.g.
volcanos), or potentially affected areas (e.qg.
ﬁoods). The occurrence of landslides usually

The quantitative analysis of risk (QRA) is a forma
and structured framework to calculate the
probability and consequences of hazard scenario
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involves multiple scattered sources throughout theof being reached by the landslide. Losses may be
territory, small to large magnitude events, differentdescribed with different metrics according t@ th
propagatiormeclanisms, and affected areas. goal of the assessment and the nature of the

A number institutions and scientific committees €XPosed elements. They can be either a conditional

have proposed guidelines for the preparation ofProbability of loss, loss exceedance probability, or
landslide hazard maps and the assessment of riggmulative losses within a period of time. For
(e.g. Lateltin, 1997: GEO 2006; AGS 2007; Fell et further .detalls on hazard and risk analysis the
al. 2008a, 2008b; Jackson at 2012). Their reader is referred to textbooks such as Glade et al.
common goal is the use of a unified terminology, to(2005), or Lee and Jones (2013).

pinpoint the data needed to prepare the maps, and It is interesting to note that although hazard is
provide guidance to the practitioners in their defined as the probability of a future landslide
approaches. Stressing on terminology in theevent of a given magnitude (Varnes, 1984} the
documents may seem like an academic debate butonsequences that determine the hazard level. This
terms have obvious contractual implications andis illustrated in Table 2, in which hazard levels are
their  inappropriate use can generateranked based on the probability of the expected
misunderstanding. A selection of landslide risk- consequences (risk) and not directly by the
related terms as used in this text, are included irmagnitude of the potential event.

Table 1. R . Table 2. Transposition of hazard levfdr land useplanning
The term OlandslideO generally designates botkach level has associated pairs of frequeintgnsity values
the process and the event that results in a displacdgedified from Lateltin et al. 2005)

mass or debris. Here, Olandslide susceptibilityO angign
Olandslide hazardO refer to the process only. Theazard
most commonly used definition of landslide risk
was ntroduced by Varnes (1984), and formally
defined by Einstein (1988). Risk is a measure of the
probability and severity of an adverse effect (the
landslide) to health, property or the environment.
Mathematicallyit is defined as the probability of
occurrence of the landslide event multiplied by the
consequences.

The assessment of risk encompasses the
identification and characterization of the hazard
with reference to a time frame, the exposure of the
elements at risk, their vulnerability, and the
estimation of the consequences. All these
components are defined by both spatial and non-
spatial attributes. The characterization of the
landslide hazard implies determining the
probability of occurrence of a given magnitude
event, the distance traveled and the intensity along
the path. The latter expresses the severity of the
hazard. As different types of landslides and Residual
triggering factors may occur within the study area, hazard
the analysis of landslide risk often requires a multi-
hazard approach. The elements at risk have spatial\® danger

Moderate
hazard

Low
hazard

People at risk both gide and outside ¢
buildings. A rapid éstruction of buildings i
possible

Events occurring with a lower iamsity, but
with a higher probability of occurrenc
People are mainly at risk outside
buildings, or buildings can no longer hot
peoplé

People at risk or injury outside of building
Risk considerably lower inside of buildings

Damage to buildings should be expected
not a rapid destruction, as long as
construction type has been adapted to
present conditions

People at low risk or injury. Slight damage
buildings is possible.

Damage might occur inside thoeiilding but
not at the structure

Very low probability of a higkintensityevent

or negligible hazardaccording to currenth
available information

and non-spatial attributes since they can be either
static or moving.

Once the landslide event has occurred, the

exposure and vulnerability of the elements at risk The magnitude refers to the size of the landslide
determine the consequences. The exposuréhatis quantitatively described by its volume. It
indicates whether or not the element at risk isshould not be mistaken with Olandslide-event
actually located in the path of the landslide. magnitudeO (Malamud et al. 2004), that designates
Vulnerability is the measure of the degree of loss tahe multiple occurrence of slope failures. In this
a given element or set of exposed elements in caggaper, the latter is termed as Olandsliding eventO.



Table 1. Selected landslidasceptibility, hazard and rislelated termgmodified from TC32, 2004; Corominas et al. 2814

Term

Definition

Comment

Consequence

Danger (threat)

Event

Exposure
Hazard

Hazard
Assessment

Hazard Level
Hazard Map

Hazard Matrix
Hazard zoning

Landslide
Intensity
Landslide
magnitude
Multi-hazard
Analysid

Scenario
Susceptidity

Vulnerability

Zoning

The outcome or result of a hazard being realized.

The natural phenomenon that could lead to damagerited in terms of its geometry, mechani: It can be an existing one (i.e. a creeping slog

and other charactestics
The realization of the hazard

For a given element, the probability of being lodatethe landslide path at the time of its
occurrence

A condition with the potential of causing an unddsigaconsequence. Matematically, the
probability of a particidr threat occurring in an area within a defined time period

The use of available information to estimate theesomhere landslides of a particular type,
volume, velocity and runout may occur within a given period of time

A measure of the intensity and pability of occurrence of a hazardous event.
A map in which different areas are related to paldiclandslide hazard level

Tool for ranking and displaying hazard by definiagges for landslide intensity and likelihood
(probability)
Mapping of an areaniwhich particular zones correspond to different hazard levels

A set of spatially distributed parameters relatetheodestructive potential of a landslide
The measure of the landslide size

Analysis of #l possible and relevamtotentially hazardosevens, and their interactions, in a give
area andvithin a defined timeperiod

The realization of an event (or a sequence of eydatgng a given probability of occurrence

The assessment of the volume (or area) and spatiebdtion of landslides, whichxist or
potentially may occur in an area.

The degree of loss of a given element or set of elgsnexposed to a landslide of a given intens

The division of land into homogeneous areas or dosand their ranking according to degrees
actual or potetial landslide susceptibility, hazard or risk.

or a potential one
Slope failureyeactivationor surge

Spatietemporal probability of the elemeat
risk

It is expressed by pairs of probability of
occurrencéor frequency) and intensity
The slope failure (or the reacdtion) is the
event

Often used as a basis for land use planning
hazard map)
It expresses the severity of the hazard

It may be quantiatively described by its
volume

Measure of the propensity of certain location
to initiate landslides of a given type (Hungr,

2016)
interaction between intensity and the elemer

at risk, can be synthesized as fragility curves

It does not neceasirily implies legal restriction
or regulation by zoning ordinances or laws

0202W6TUISTINNC ¥VIGINOT0D ‘VNIDVLHVD 'SIAITSANVT NO ANNISOdWAS TVYNOILYNYILNI HIXDIS
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The magnitude per se does not render the potenti@COP€ (object of the analysis, scale, nature of the
for damage. A large creeping landslide with €nd product); hazard evaluation, which includes the
displacements of mm/yr may lessdamaging than ~ characterization of the threat (type of existing or
a smalisize debris flow (Corominas et al. 2014b). Potential landslide, ~location and volume,

The parameter expressing the destructive potentig@nticipated travel distance and intensityjs
of landslides is the intensity. Hungr (1997) probability of occurrence (or frequency); and the

characteried landslide intensity with descriptors €valuation of the consequences (considering the
such as maximum velocity, thickness of flow or €xposed elements, their vulnerability and

deposits, potential impact forces, or differential €Stimation of —expected damages). Usually,
displacement. Intensity is not an intrinsic property different scenarios have to be considerbécause

of a landslide. It is a spatially distributed function Poténtial ~landslides of _different types and

(Figure 1) and, for a fixed magnitude, it may take magnitude occur with different probabilities of

different values along the path. Intensity has to bePccurrence, travel distances, intensities, and
calculated either empirically, analytically, or consequences. The assessment of risk consists of

modelled considering the landslide mechanism,comparing the value of risk, as determined from the

volume, material properties, and local sIoperiSk analysis, against risk acceptance criteria to
conditions (Hungr et al. 2005)_’ decide whether the existing risk is acceptable or

not.

It is recommended to define the scope of the risk
analysis from the very beginning to ensure that
scale, input data, and all relevant issues are taken
into account (Fell et al. 2008). The object of
analysis (whether point like, linear or areal) will
determine the risk metrics, the hazard model, and
the methods to be used. Figure 2 presents the
framework for the quantitative analysis of landslide
risk. The outputs of the analysis can be presented in
the form of a set of maps, or risk values. The steps
of the framework may be displayed with maps that
corresponds to each of the factors of the risk
equation in Figure 2.

3 LANDSLIDE HAZARD AND RISK MAPPING

Maps are the most efficient way to show the
spatial attributes of landslides. Irrespective of the
Figure 1. Spatiadistribution of rockfall fragmen€elocities. Scale_ of Work, the assessment of hazard must
The \elocityincreases fronblue to greenyellow, orange and ~ Specify the time frame for the occurrence of all
red potential landslide types and intensities. This is the

most difficult part of the assessment because: (a)
L ) . different landslide types usually occur with
The implication of the spatial distribution of the gitferent timespan; (b) there are locations that may
intensity is that the evaluation of risk must be pe affected by landslides originating from different
spatially ~ explicit. ~ Otherwise, the impact goyrces; (c) frequency of landslides varies with the
probability, impact energy, and vulnerability gistance from the source (Figure 3). To display all
cannot be determined. In fact, all the elementspese features, maps must be spatially explicit.

involved in the analysis of risk own distributed _. . )
attributes: the landslide source, the travel distanceEInSteIn (1988) proposed the following sequence of

the landslide intensity, the exposure and thel’andslide hazard and risk maps: (1) state of nature

vulnerability of the elements at risk.

maps, that present the basic information describing
topography, geology, hydrology, geotechnical
properties, land use and other predisposing factors;

The analysis of risk generally implies the (2) danger maps which display the potential and
disaggregation into its fundamental parts. Itexisting landslides, also the potentially affected
contains the following steps: definition of the
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zones such as runout zones and velocity; (3) hazarBredisposing parameters, such as lithology and
maps is which the danger (potential event) and it$lope gradient (Brabb et al. 1972; Nilsen et al.
probability of occurrence are combined:; (4) risk 1979). The basic assumption is that terrain units
maps where hazard and its potential consequencé!sav'”g similar predisposing factors than those that

are presented. In practice, several risk maps aridiled in the past are likely to fail in the future.
necessary in the same area. Extensive reviews of the methods used to prepare

landslide susceptibility maps are found in Carrara
et al. (1999), Guzzetti et al. (1999), Chaet-al.
(2006), van Westen et al. 2008, Reichenbach et al
(2018), and several others.

The preparation dfS maps normally requires a
complete inventory of landslides, whose spatial
distribution is analysed versus a set of independent
topographical and geoenvironmental variables (e.g.
slope angle, lithology, and land use). The relation
is established heuristically, statistically, or
deterministically with slope stability models. More
recently, soft computing methods based on
machine learning algorithms and hybrid methods
have appeared (Chen et al. 2018). The analysis is
performed on a variety of terrain units such as
pixels, grids, slope units, unique condition units,
which are eventually ranked according to their
propensity to failure. The results are presented in
the form of either relative or quantitative estimates.
In the quantitative approach, susceptibility is
Figure 3. Theslope in the figure hasxperienced several typically given as probability in a continuous scale

landslide eventsvera given period of timein the event that  of the spatial occurrence of slope failures (Chung
the object of the risk analysis be the entire slope, the road, °5nd Fabbri 2003).

the village, note that the frequency reted in each one is i ) )
different. The ultimate goal of LS maps is the evaluation

: I of hazardLS mas are considered the initial step
3.1landslide sus.ceptlblllty méps of the hazard analysis but they can also be a product
In the analysis of landslide hazard, Varnesin themselves (Crozier and Glade, 2005; Greiving

(1988) distinguished between: (a) the inherentet al, 2014) with direct application for land use
conditions of the slopes that predispose them tganning purposes. It is therefore fundamental
landsliding without actually initiating it; and (b) the check and validate LS maps. The applicability of
factors that produce changes in the slope, usually S maps relies on their quality and reliability. It is
transient, that lead to failure (triggering factors). not acceptable develop areas threatened by
The propensity of an area to undergo landsliing |andslides but overestimating hazard should be
the landslide susceptibility (LS) (Brabb, 1984; avoided as much as possible. A terrain which is
Hansen, 1984). The landslide susceptibility map isclassibed as stable can be used without restrictions,
a synthetic document that depicts areas likely tokeeping its economic value, whereas unstable
have landslides in the future by Correlating some O'f[errain may loss its value as deve|0pment and
the principal factors that contribute to failure with activities are often restricted. Misclassification has
the past distribution of landslides (Brabb, 1988, therefore economic and social consequences.

Hansen, 1984). First landslide susceptibility (LS) Several studies reveal biases and errors that

maps were variants of geomorphological maps in o
Whirc):h the expert ident%‘ied acrt)ive zgnd dornr])ant affect the accuracy and reliability of LS models.

landslides and evaluated the potential 1;OrErrors may originate in the landslide inventories

reactivation or further instability considerin (Galli et al. 2008; Sterger et al. 2016; Marc and
y g Hovius, 2015), the selection of conditioning factors

heuristic criteria (e.g. Humbert, 1976). The quality%Constanzo et al. 2012; Catani et al. 2013; Jebur et

of these maps relied on the criterion and experienc . 2014:), sampling strategy (Baeza et al. 2010

of the expert. More elaborated maps were thos etschko et al. 2014), due to the spatial resolution

displaying the relative slope stability, in which S ) >
Iangsl?:jeg density is assgciated tg prominentOf the DEM (Crosta and Agliardi, 2004; Schsgel et
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al. 2018;! abota et al. 2019), or in the selected but that really fail (missing events) are relevant
model (Yilmaz, 2009; Sciarra et al. 2017). when they occum low susceptibility classes.

Guzzetti et al. (2006) and Frattini et al. (2010) In the literature, many LS models that are
presented a set of procedures to test the quality aneivaluated as satisfactory, show landslides
performance of the LS models. A complete spreading across all susceptibility classes, although
validation analysis should address the followingwith different probability or density.As the
issues: the robustness or sensitivity of the model twvalidation curves and indés evaluate the overall
changes in the input data; the degree of fit and th@erformance of the LS model and are not spatially
predictive skill by means of contingency tables andexplicit, theinterpretation is not simple. The results
model performance plots; and determine the error®f the LS analysis could be argued if
or uncertainty affecting the reliability of the misclassification affects Ilow LS classes.
probabilistic estimate of each mapping unit. Misclassification may be visualizeslith plots of
Ideally, the model is prepared using a training sefpercentage of area, ranked from most to least
of landslides that occurred in a period and validatedsusceptible (x-axis), against the cumulative number
with landslides that occurred in a different period of landslides (y-axis) (Chung and Fabbri, 2003
(Irigaray et al. 1999; Remondo et al. 2003; ZerereRemondo et al. 2003). Ideally, low LS classes
et al. 2004). Validation can be also carried out usingshould be free of landslides.

a multi-temporal landslide inventory which is split

into two subsets, one to construct the model and th 1% AT o
other to verify its predictive performance (Chung :

and Fabbri 2003; Von Ruette et al. 2011). The lattel e
approach is less recommended as it may lead t - o
overestimation of the predictive capability of the
map (Brenning, 2005; Guzzetti et al. 2006).

A review of the LS literature indicates the most
prevalent validation procedures for assessing thiz= |
guality of susceptibility models rely on the indexes T 40
derived from contingency tables (i.e. sensitivity s
and specificity), the performance and prediction 1 i

ides (%)

rate curves (Chung and Fabbri, 1999, 2003), ant 20 | 4

the area under the curve (AUC) in receiver
operating characteristics plots (Fawcett, 2006).
Typically, the model with higher AU® deemed

as the most appropriate one and threshold value

Model A
Model B
Model C

VL

0 20

[
40

60

80

100

are proposed with the support of optimization
procedures. For AUC values > 80%, the classifier
is considered very satisfactory and >90% indicates _ _
a highly accurate model (Swets 1988). Howeser, Figure 4. Synthetic case. Cumulative percentage of
. ) . landslidesand cumulative percentage of study areaked
number of SUbJeCtS, are ,h'qde” behind AUC pIOtS'from highest to lowest susceptibility and VL mean low and
Thus, LS modelswith similar performance rate very low susceptibility, respectively
may show low spatial agreement between
susceptibility classes and, consequently, may not
have the same meaning in terms of predicted results Figure 4 is a synthetic example of the
(Sterlacchini et al. 2011). On the other hand,performance of three LS models. In the example, a
misclassification is a very important piece of cut-off value of P<0.45 is stablished for stable cells,
information for the LS quality assessmentwhile the AUC for models A, B and C is
(Beguer'a, 2006). The applicability of the LS mapsrespectively, 0.772, 0.780 and 0.794. Based on the
for land use planning and their reliability depend onAUC, model C seems outperform over the other
the absence of Omissing eventsO and Ofalse alarnmsadels. However, the distribution of landslides per
In that respect, the latter are less conflictive tharsusceptibility classes indicates that the percentage
the former. Cells predicted as to fail that did no of missing events (unexpected landslides) for the
(false alarm) could fail in future landsliding events. three models in the two lowest susceptible classes
On the contrary,als classified as to remain stable (P<0.4)is 1, 5, and 11%, respectively. The fact that
none of the LS classes are potentially free of

Area in susceptible classes (%)
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landslides in the study area may generatedevelopment in the area. The simulation consider
uncertainty to decision makers and lack ofthree scenarios with 5, 10, and 20% of the area of
confidence on the LS analysis. the low (0.2P<0.4) and very low (P<0.2)

The question that emezgis what the rate of Susceptibilityclasseseing developed. The results

landslide misclassificatiocanbe for an acceptable @ré shown in Table 3. It illustrates that despite
risk level. Chung and Fabbri (2003) proposed anlandsllde_densny in the two lowest susceptlblll_ty
effectiveness ratio defined as the proportion of¢lasses is small, the consequences (landslides
landslide area (AL) over the proportion of the affecting a built cell) largely depends on the
susceptibility class (AS) in the study area. They€xPosure. Thus, for a 20% of development in the
estimated that a ratio of less than 0.1 for unitsOW LS class, the probability that a built cell be
classified as stable areas is significantly effective affected by landslides is 6x1dor model C and
For instance, 10, 2 and 1% of landslide areal0~ for model A. These values could be
occurring in a low susceptibility class representingunacceptable  for — high-intensity  (or large
20% of the study area gives a ratio of effectivenesgnagnitude) landslides with the capacity to heavily
of 0.5, 0.1 and 0.05, respectively. These values maffamage or  destroy buildings.  Therefore,
be hard to match when working in complex areasco_nS|derabIe caution should b_e exe_rC|sed before
with considerable geomorphological variability YSiNg LS for land used planning, sincesmall
(Guzzetti et al. 20086). landslide density in the low susceptibility classes

. . . ... _..__cannot always guarantee acceptable levels of risk.
The real impact of the landslide misclassification ys g b

b | db iving th Note that in the example of Table 3, runout is not

fT“r?y € %V"’t‘).llj.ate t ycéu?gtlfylr}?t € Conf)ep}uencelsconsidered. In the event that landslides move far

e probability of landslides affecting a bullt pixel 5, 4y from the source, hazard may increase
(terrain unit) in the synthetic example of Figure 4 _; . i
) X - 7 significantly.
is calculated next. The scenario evaluated is aT i3, Probability of a landlide affect il cetPbo)

idi R i able3. Probability of a landlide affecting a built ce

landsliding event of a 20-yr return period (0.05 of low and very low susceptibility classesmodels A, B, and

annual probability) that generates slope falluresc (figure 4)and its annual probability (Bea). All scenarios

affecting 5% of the StU_d)_’_area (Table 3). Each ofiefer toa20yr return periodandsliding event affecting 5% of
the two lowest susceptibility classcover 20% of  the study areaBuilt area rangebetween 5 and 20%Pls:

the study area. Prediction rate curves generateprobability of landslides in the susceptibility class.
with thethree susceptibility models (A, B, C) yield

1, 3, and 6% and 0, 2 and 5% of the landslides Model Pls  %cells  Poe Pebc
located in the low and very low susceptibility built
classes, respectively. The probability of landslides A 0.01 c 0003 1.3x10"
affecting a built cell (pixel)s calculated with the ' ‘ X |
following expression (Chung, 2006): < 10 0,005  2.5x10%
7 20 0,010  5.0x10"
L & B 0.03 5 0.008  3.8x10"
Lo #3% |$% g + 2 S 10 0,015  7.6x10%
2 20 0,031 1.5x10°%
Where = ¢ 006 5 0015  7.7x10%
P, is the probability that a landslide affects a built 10 0,030  1.5x10°!
cell 20 0,060 _ 3.0x10°
P. is the portion (probability) of the susceptibility A 0 5 0 0
class in the prediction rate curve < 10 0 0
n the number of pixels in the susceptibilitiass 9 20 0 0
expected as future landslides S 0.02 5 0.0 2 5x10%
n. the number of pixels in the susceptibility class E 10 0.010  5.0x10
k the number of pixels in the susceptibility class & 20 0.020  1.0x10°!
that have been built > ¢ 005 5 0013  6.4x10%
10 0.025  1.3x10°
One may expect that Ilowest landslide 20 0.050  2.5x10°!

susceptibility classes will concentrate most of the
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3.2From landslide susceptibility to hazard magnitude may be used as a proxy for the landslide

The evaluation of hazard requires the estimationntensity to estimate hazard.
of the runout and the intensity (e.g. impact energy)For long runout landslides, the analysis can be
In the literature, the spatial distribution of the carried out either within the frame of the landslide
landslide magnitude at regional scale has beesusceptibility assessment (Fell et al. 2008; Greiving
rarely been considered. Mo&iS maps do not et al. 2012), or in a subsequent step (Reichenbach
resolve the magnitude. According to Reichenbachet al. 2018). Whatever the approach a set of maps
et al. 2018, pixel is the most popular unit used inhas to be prepared. Each represents a scenario of
LS analysis (86.4% of the published studies). LSpotential landslides and the affected zones, with a
calculated based on the probability of pixel-failure given probability of occurrence (or return period).
often shows a mismatch between the landslide siz&o generate the scenarios, the total number of
and that of the pixel. A way to overcome this landslides and their size distribution have to be
restriction is performing the susceptibility analysis known. They can be estimated from the magnitude
in terrain units containing the physical boundariesand frequency (M-F) of past landslides or from the
of the slope where the potential failure may triggering events. A summary of the steps based on
develop. A terrain unit is characterized with a set ofthe latter is shown in Figure 6. First, the LS map
attributes that differ from the adjacent units acrosglandslide initiation map) is prepared. Then, the
distinct boundaries, such as drainage and a dividgrobability (or return period) of the landslide
lines (Hansen, 1984; Carrara et al. 1991). Totriggering evenscerarios have to be defined. The
calculate hazard, the failure probability of the unitnumber and size distribution of landslides is
is first calculated and the result multiplied by the calculated from the magnitude of the trigger (e.g.
size probability obtained from the magnitude- Malamud et al. 2004), and then split among
frequency relation (Guzzetti et al. 2006). different susceptibility classes according to their
Alternatively, Domenech et al. (2019) determined relative probability. Finally, the landslide runout is
the size of the potential failures by aggregation ofdetermined from either diffuse or discrete sources,
unstable pixels, within defined physiographic considering the mechanism aside.
boundaries (Figure 5). In case of geographically-
contained and/or slow-moving landslides, the

Figure 5. a) reclassifigthlack arrows}yusceptibility map obtained from SINMAB), susceptibility map after the pixel clustering
within eachSU; ¢) Hazard map obtained after the application of the MRrir&or each cluster of pixels. Note that a high
susceptibility class inaj may yield either a high or a medium hazard classmltipg on thesizeof the expected slopailure
(modified fromDomenech et al. 20)9
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Figure 6. Framework for preparing landslide hazashado maps fronthefrequency of the triggers.
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Figure 7.Hazard scenarios fatm® and 10 mi fragmental rockfall eventin Monasteriode Piedra, SpainEachrockfall
magnitudehas an associated probability of occurrence and generates trageuatibhiglifferent runout probability and spatially
distributed intensity. A discussion based on this figure is included:tiosed. 1.

A critical step of this approach is obtaining the debris. Although these correlations tend to be
landslide size distribution from the triggering event highly scattered, they have the advantage of being
magnitude. Several relations have been establisheglasily incorporated into GIS-platforms to delineate
between the number of landslides and thethe affected areas (Jaboyedoff, 2003; Scheidl and
magnitude of the earthquake (Keefer, 1988) orRickenmann, 2010; Horton et al. 2013) and can be
rainfall events (Reid and Page, 2003). This stefreated probabilistally (Copons et al. 2009;
however, contains a high degree of uncertainty agaboyedoff and Labiouse, 2011). The main
the relation between triggers and landslides idimitation for risk quantification is that velocity
complex (Gorum et al. 2014) and both (impact energy) is not obtained. A significant step
overprediction and under prediction can expectedorward comes from the integration of the runout
(Marc et al. 2016). Moreover, too close landsliding numerical models into the GIS-platforms. Codes
events generally produce different number of slopehave been developed for debris flows and debris
failures, following the process known as eventavalanches (McDougall and Hungr, 2004; Pastor et
resistance (Glade and Crozier, 2005). al. 2009 McDougall, 2017) and rockfalls (Guzzetti

Hazard scenarios of different probability may et al.2002a; Crosta and Agliardi, 2003; Dorren et

also be prepared assuming diffuse hazard sourced- 2006; Lan et al. 2007; Matas et al. 2017).
(Hantz, 2011). Events initiate randomly over time It has to be noticed that the prediction of post-
from the sources (Figure 7). The distribution of thefailure behavior for natural slopes requires the
runout probabilities and intensities is calculated forunderstanding of the instability process and of the
each magnitude range, which has a probabilitypropagation mechanism. For examplsybstantial
(frequency) given by the frequency-magnitude strength losss observedn flow slides due to the
relation (Corominas et al. 2005; Agliardi et al 2009; collapse of the soil structure (Hungr, 2003; Picarelli
Stock et al. 2012). This approach assumeset al. 2008) or in rock slides due to the brittle
homogeneous landslide sources and it has been alb@havior of the rock mass (Glastonbury and Fell
applied in the analysis of linear infrastructures2010), which leads to an extremely rapid failure
(Hungr et al. 1999; Ferlisi et al. 2012; Macciotta etand greater runout than expected. On the other
al. 2016). An application example of this approachhand, processes such as debris flows and debris
is presented in section 4.1. avalanches are able to entrain large amounts of

Both empirical or numerical methods are used tos€diments, thus modifying the dynamic parameters
analyze landslide runout (Hungr et al. 2005). MostOf the displaced materials (McDougall and Hungr,
prevalent empirical methods relate the landslide2005; Crosta et al. 2009). Keeping this in mind, the
volume to the distance travelled by the landslided€finition of credible runout scenarios requires the
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calibration using real landslide events, for the full A fundamental question in risk evaluation is
spectrum of landslide types. whether the rate of occurrence of small and mid-
3.3Mrend of the magnitude-frequency (M-F) size landslides in a region can be extrapolated to
d'istributions and Maximum Credibie Event predlqt the rate of occurrence of large landslides
and vice versa. The occurrence of large events has

A typical feature of the M-F distributions is the sjgnificant influence in the calculated value of both
decay following an inverse power law over severalhazard and risk of the urbanized areas.

orders of magnitude, with deviations at both high
and low magnitudes (Brardinoni and Church, 2004;
Guthrie and Evans, 2004). The rollover observe

Extrapolation of the M-F relation has been
proposed to estimate the size of large unseen
andslide events (e.g. Picarelli et a. 2005).

and/or mapping resolution has been claimed aé/alidity of the M-F relations should be bounded at

potential cause (Stark and Hovius, 2001), analysifaCh location or region.  Consideration of a

of complete landslide inventories indicates thatrml?('mlmél _crer(]jlble Ievent f(MEE) IS rtl)uhtlnelyd
rollover is real (Guzzetti et al. 2002b; Guthrie and performed in the analysis of other natural hazards

Evans. 2004: Malamud et al. 2004 Erattini andsuchasearthquakes or floods to define worst case

: L jos. The estimation of the largest
Crosta, 2013) and that physical caus#ibiting scenarios X
failure size exist (Pelletier et al. 1997; Matrtin et al. hypothetical earthquake takes into account the

: C haracteristics seismic source and the current
2002). Satisfactory approximation to the observed” : . . )
M-F is obtained by fitting double Pareto tectonic setting (Cosentino et al. 1977; US Bureau

distribution (Stark and Hovius, 2001), inverse ?f Reclamat:op, 2015). d‘gél:jnfated trp]agnll(tude-
gamma distribution (Malamud et al. 2004), or both " cdueéncy reaatons are or earthquakes

(Hurst et al. 2013). The tail of the distributions for usmg. either deterministic (We_lls and Coppersmith
mid to large landslides follow power laws whose 199S,b,_6|\_nd_erson et ?J' 1996; Wheeler 2?09) or.
exponents reflect the diversity of landslide probabilistic approaches (Cosentino et al. 1977;

: - : - Kijko and Singh, 2011, and references therein).
mechanisms and physiographical settings. _ Similarly for floods, different procedures have
The value of the exponent of the power law iSpeen developed to obtain the upper bound of

relevant because it expresses the relativanagnitudes and the return periods (Swain et al.
dominance of landslide sizes. A high exponentggg).
implies that small-size landslides dominate the

distribution and vice versa. Malamud et al. (2004) In the case of landslides, the use of statistics

based upon unbounded random variable models is

and Brunetti et al (2009) observed that rockfalls .
show exponent values smaller than other types O:Flrguable. Hungr et al. (2008), cons@ered that M-F
curves of debris flows and debris avalanches,

landslides. They attribute the difference to the fact

that rockfalls involve the disintegration of the rock derived from a region would underestimate the

mass. This particular behavior of rockfalls has to bemagnitudes it applied to a smaller sub-region of

confirmed with more data sets as other studiegelat'ver tall slopes and owestimatethem in a

suggest a wider range for the exponent valued/€&/bY sub-region with lower relief. Regional
(Barlow et al. 2012; Van Veen et al. 2017; andslide inventories show deviations from the

DOAmato 2019). Several causes are identifie&e"rjltIonShIp at the high magnitude range and

which affect the slope of the volume distribution, empirical evidence suggests a finite maximum
giving an incorrect appearance of their SCaIingreglonal magnitude (Corominas et al. 2018). Power

properties. Van Veen et al. (2017) and Williams etIaw volume distributions prepared from complete

al. (2019) observed the increase in the exponent Oq;nore than 150 years) rockfall inventories show

the power law as the monitoring interval of the OVErsteepening of the relation at large volumes and
evens is reduced. In addition, superimposition ancePECific cut off \_/aluelsanbe ott))talnedh(Zhan% etal.
amalgamation may overestimate the number o 019). Guzzetti et al. (2002b), Guthrie and Evans

large events (Barlow et al. 2012; Marc and Hovius,200%): Ff’aLry (2016)d arggg th_aththe pfwzr law
2015:  Willams et @&l 2019) and the Portion of the curve describes inherent landscape

underestimation of small events. The latter effectgg'tgt'i?gesl% ;ﬁgdtﬂédﬁfr Céarntr;g Igﬁ dt')sll?c?eer tLheaIneéggr
may increase significantly risk in locations where P 9 ’

loss of life is directly associated to the occurrencethe number of slopes that can nest them.

of frequent small-size events as it happens in high The physiographisettng is therefore one the
traffic intensity roads or railways. main controls of the maximum landslide size. The
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analysis of the landslide magnitudebfrequency

distributions in Fiordland and Southern Alps in

New Zealand (Clarke and Burbank, 2010), reveal (a)Sharp cut-off magnitude at a maximum
order-of-magnitude differences between regions. ~ magnitude, so that by definition, no landslides
These authors suggest that the depth of bedrock are possible with a magnitude exceeding,m
fracturing affects the magnitude and frequency of  (e.g. De Biaggi et al. 2017a)

landslides. Jarman et al. (2014) observed that large{b)!Soft cut-off maximum, using noseale
scale rock slope failures in the Pyrenees are sparse invariant models. The distribution decays
compared to other mountain ranges. In this case, beyond the maximum much faster than the
low mean rates of later Neogene tectonic uplift, ~ POWer law distributiondg. Hergarten, 2012).
combined with weak fluvial and glacial erosion %%Chrﬁgi}?nmﬁnpgiﬁﬁgﬁt |g?e(jsu((j)?8r|]ael;§]eesl’stgan
may have been insufficient to destabilise the slopes. excluded y
Corominas et al. (2018) observed that neither '

geomorphological evidences of past events nor the An appropriate understanding of the geological
size d the potentially unstable rock masses and geomorphological conditions of slopés
identified in the slopesansupport the occurrence therefore required to define the MCE and
of the large rockfall/rock avalanche volumes in theadditional work remains to be done for deciphering
slopes of Andorra. There, the fracture pattern isits local and regional controls. Meanwhile, the
considered to constraint the maximum size of theMCE may be reasonably approached considering
potential failures (Mavrouli & Corominas, 2017). the rate of small landslides (Guzzetti et al. 2005),
On the contrary, triggering mechanisms seem nothe largest morphological depression in the
have any influence, as deduced from the similadandscape (Parry and Ng, 2010), or the largest
exponents and cutt-off values of the landslidekinematically detachable rock mass (Corominas et
volume distributions generated by earthquakes anal. 2018), provided that the range of sizes is not
rainfall in the same region of Central Himalaya extrapolated much beyond the largest observed
(Zhang et al. 2019). historical and pre-historical regional landslide

The challenge that arige how to quantify the €vents.
relation between morpho-structural parameters an@ 3iStationarity of landslide frequency
MCE and stablish criteria to extrapolate the M-F

relations beyond the range of observations. Even It is currently feasible to estimate of probabilities
though the analysis of the MCE for landslides is notOf extreme events without understa_ndmg of the
ausal structure that controls the stability of slopes.

astandardized procedure, two possible models maﬁlemes (2000) complained that the historical or

be envisaged (Figure 8): geological recordt is often assumedsa random
sample drawn from the postulated distribution and
that frequencies are transformed in probabilities,
without proper consideration of the hydrology,
meteorology or climatology.

Landslide susceptibility and hazard models rely
on the principle of uniformity that future landslides
will likely occur in slopes having similar geo-
environmental conditions than the slopes that
experienced failures in the past (Varnes 1984).
Based on this principle, the probability of
occurrence may be calculated from a list of both
historic and prehistoric landslide events. The
practical implementation of this approach assumes
stationarity of the landslide record (i®aistical
properties such as the mean or variance are constant
over time) although this does not hold for
landslides (Guzzetti et al. 2005; Corominas and
Moya, 2008; Hungr, 2016). Slope failures change
the local morphology and the stability conditions

Figure 8. Cutoff of the M-F relation: (a) sharp cuiff; (b) for both new and reactivated landslides differ. Very
soft cutoff large landslides cannot physically repeat, or atlea
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not with the same probability. In addition, natural (Huggel et al. 2012). Temperature and rainfall are
(e.g. river erosion) and human-induced slopekey climatic variables governing the response of
modifications (e.g. logging, burning) may take the slopes (Crozier, 2010). Glacierized regions are
place in the short term while other processes suchighly sensitive to the increase of temperature and
as weathering, strength decay, or uplift may ice-cover shrinkage and permafrost degradation is
develop in the long term (hundreds or thousands o& global process (Bottino et al. 2002; Patton et al.
years). In the current practice, the stationarity2019), with consequences on the geometry of the
assumption is accepted to make the problenslopes, on physical properties of the newly exposed
tractable mathematically (Guzzetti et al. 2005) butsoils and rocks as well as on the hydrological
in the scenario of the global change (both climateconditions (Johnson et al. 2017). Outside the
and human change) it should be reconsideresgnountain ranges, coastal cliffs emerge as highly
(Meusburger and Alewell, 2009). vulnerable locations in front of the widespread sea-

The assumption of stationarity is a serious/e€vel rise (Bray and Hooke, 1999).

limitation to the reliability of hazard analysis. For A list of both anthropogenic and climate-induced
instance, once a dense cluster of landslides removgsocesses affecting the slope instability is presented
a large proportion of soil cover from steep slopesin Table 4. Several works (Geertsema et al 2006;
of an area, another cluster may not be possible foPetley et al. 2007; Keiler et al. 2010; Ravanel and
a considerable period of time until the slopes areDeline, 2011; Dietrich and Krautblatter, 2017;
again refilled (Jakob et al. 2005; Corominas andPatton et al. 2019), argue that frequency and
Moya, 2008). An illustrative example is found in magnitude of landslides increases in high mountain
the Campania Region, Italy. There, shallow failuresregions. Itis due to a combination of factors such
ertrain the pyroclastic mantle that overlies the asthe raise of air temperature, permafrost thawing
bedrock, deposited by successive eruptions of theRavanel and Deline, 2011; Gruber et al. 2004), and
Vesuvius volcano. As the mantle is progressivelysediment availability (Zimmermann and Haeberli,
reduced over time so does the frequency of thel992). However, the intensification of landslide
events, until it is refilled again with new eruptions activity cannot be generalize®ne should expect
(Ferlisi et al. 2016). that the response of the slopes to the climate forcing

Other potential limitation is that landslides do P€ geographically uneven, nonlinear, and véth
not occur at a constant rate. Many of them tend tyariable time lag. The increase will probably be
occur in clusters, both in space and time. Clustering®SS evident in the slopes of valleys already
may be associated to the temporal pattern of th&€glaciated duringlate Pleistocene and Early

climatic triggers (Berrisford and Mathews, 1997 Holocene times (Messenzehl et al. 2017) and in
Corominas and Moya, 1999) or to seismicity mid latitude regions. There, it has been observed

(Schuster et al. 1992; Bull, 1996; Crosta et gl that the high initial Iandslide activity ha}s declined
2017). Clusters and changes in frequency may als@llowing an exhaustlon model (Berrisford and
occurif predisposing factors are modified. Intense Matthews, 1997 Ballantyne et al. 2014),
shaking from strong earthquakes may disturb rOCkpartlcular_ly in locations where sedlment has been
masses and weaken slopes thus favoring delayegfogressively washed away (Jomelli et al. 2004;
failures (Parker et al. 2015; Fan et al. 2018) and thé>!ade 2005). This process is known as Oevent
supply of sediments whichare subsequently resistanceO (Glade and Crozier, 2005). Improved

mobilized as debris flow€Lin et al. 2006; Tang et stability conditions are also achieve_d in places
al. 2011; Zhang et al. 2012). where large unstable rock masses slid down over

discontinuity surfaces leaving more stable

Climate is one main driver of landslide : : .
: ; t h fil Crud d Hu, 1993;
occurrence (Corominas, 2000; Borgatti an_d é);?;;]r:;%elczogrzc;'les (Cruden an u

Soldati, 2010). Nowadays, climate change ) . . L
undisputable. It have significant effects on the Simulations based on current climate projections
slopes and existing landslides (Dijkstra and Dixon,and slope stability models yield diverging results
2010) while the consequences are exacerbated byariano and Guzzetti, 2016). Some models
human actions (Crozier, 2010), and population¢onfirm the increase of landslide events,
increase (Petley, 2010). However, climate andpartlcularly_ shallow sllde's and_ debrl_s flows chiefly
landslides operate at different geographical andue to the increase of rainfall intensity (Chiang and
temporal scales. The attribution of a climatic effectChang, 2011). In contrast, a number of cases
to a given set of landslides requires that the nonPredict the reduction of landslide occurrence and

climatic and anthropogenic causes be eliminated
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decrease of rate of movement in the existing ones
as the result of a greater evapotranspiration and

Table4. Changes in landslide occance in response to climatically and anthropogenighilyen modifications of the slopes

Predisposing factors

Triggering factors

Increase landslideccurrence and/or magnitude

Slope geometty  Hydrology

Soil/rock

New exposures

Strength

Wetterantecedent conditions the slopegCrozier,
2010)

Water impoundment: e.g. landslide
(Richardson and Reynolds, 2000)

Redistribution of stresses in response to change
slope geometry (e.goversteppening by glacier
erosion orwave actions on shorelines and cli
(Crozier, 2010)

Cracking and bulging of the slopes as result of
unloading and ebuttressing (Evans and Clague
1994;Holm etal. 2004; Geertsema et al 2006

Rock deterioration/ weathering Segregation ice
growth and joint widening (Gruber and Haebe
2007)

Unprotected soil cover as result of wildfires ord
logging (Cannon et al. 200&3lade, 2008

New susceptible landforms: e.gnoraines anc
morainedammed lakgsClague and Evans, 200!
KSSb and Reichmuth, 2005),

Increase of available unconsolidated sedim
Gruber and Haeberli, 200Frank et al. 2019

dams

Increase of rainfall duration and/
intensity (Chiang and Chang, 2011

Excess of pore water pressurdse to
permafrosthawing (Harris et al. 2009)

Melting of icebondsin rock joints (Davies
et al 2001; Gruber and Haeberli, 2007)

Dryer antecedent conditions: reduction of the m
annual precipitation associated to an increase
evapotranspiration (Gariano and Guzzetti, 2016

Reduction of the rainfall intensity and /i
duration (Comegna et al. 2013; Rianna
al. 204)

! Long term evolution twards morestable slope
profiles (Cruden and Hu, 1993)
Sediment exhaustiofCorominas and Moya, 2008

! Increase of foregabandonmeniHouet et al. 2017’
I

Decrease landsle occurrence

lesser precipitation. Other models show that theSlope stability at this time, poses some limit to the

increase of precipitation is counterbalanced by thesonsideration of the climate change in the QRA.

increase of evapotranspiration (Collison et al.A critical issue behind the climate change is
2000). Care in needed with the projections as thavhether it will modify the magnitude/intensity of
results depend largely on the climate models, thduture events. This possibility will depend tire
downscaling methods, and weather generatorsediment availability and the weathering rate in the
selected to obtainemperature and rainfaltime  affected basins (Jakob et al. 2005; Corominas and
series (Gariano and Guzzetti, 2016) and on thévioya, 2008). Mitigation measures such as debris
inherent limiting stability factors of the slopes flow channels are designed for specified returns
which ultimately govern the response to theperiods. They may become undersized if
changing climate (Crozier, 2010). The lack of magnitude of the mobilized materials is bigger than
reliable relations between climate projections andthe design event (Keiler et al. 2010). Increase of
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magnitude is feasible in locations having unlimited Vulnerability curves have been prepared for debris
sediment source as it occurs in slopes composed dlows (Quan Luna et al. 2011; Papathoma-Kshle et
weak volcanic materials (Yano et al. 2019) oral. 2012; Totschnig and Fuchs, 2013), rocksfall
where the strength  of the slope materials(Mavrouli and Corominas, 2010), or slow moving
deteriorate quickly as for example, deepening oflandslides (Mavrouli et al. 2014; Peduto et al.
the active layer by thawing permafrost (Harris et al.2017). Examples of QRA in which vulnerability
2009). The magnitude increase might occur despiteurves are integrated in the analysis, may be found
the fact that the overall frequency suffer only slightin Mavrouli and Corominas (2010) and Agliasdi
changes (Stoffel et al. 2014). al. (2009).

Risk is an aggregated function. Loss due to a

AILANDSLIDE RISK ANALYSIS particular landslide in a single or a set of exposed

4.1 Quantifying risk elements corresponds to the specific risk defined by
QRA is routinely performed to evaluate Varnes (1984). Total cumulative risk quantifies the

industrial risks and it is increasingly applied to 10SS€S of the scenarios defined by all poén

landslides. Recent experience show that somdandslide events, and elements at risk. A particular
' concern is the risk estimation posed by large

administrations base certain landslide risk. ¢ c hi q
management decisions (e.g. land use planning'n requent events. Catastrophic events produce

mitigation measures) on either qualitative Orfétronlg implact dolr'] dsocidetie_s and it is beflifeve? that
quantitative hazard matrices (e.g. Lateltin, 1997 /€W large landslides dominate most of fatalities.
2005). Risk, however, depends on the nature an@everal overview reports support this finding in

locati | bilit d f the EUrope (Haque et al. 2016), Latin Ame_rica
tﬁ?ga:'?emec(jvglgr?]rgntlsl.y and - exposure) o © (Sepcelveda and Petley, 2015), or the Caribbean

. N . , (Haque et al. 2016). A study of the damage of
Different ~ disciplines work with multiple |3ngsjides in Switzerland reveals that a large
definitions for vulnerability. From our perspective, gmount of the monetary costs is due to a few major

vulnerability may be defined as the degree of lossayents only (Hilker et al. 2009). On the contrary,
of a given element (or set of elements) exposed t@hang and Huang 2018 observed that a large
a landslide of a given intensity (Table 1). A review nymper of fatalities are caused by the occurrence of

of vulnerability terms and approaches is found innmerous small landslides, each affecting few
Fuchs et al. (2012). The assessment of vulnerabilit eople. Other examples, in which rockfall risk

to landslides and its integration in QRA, is recent-quantified by segregating the analyisiblock size

scenarios have to be defined beforehand. It is nogr mediumsized events (Corominas et al. 2005;

an intrinsic attribute of the exposed element a arvacque et al. 2019). These figures raise an
damage and loss also depend on both the landsliqgteresting debate on, for example, whether the
mechanism, intensity, and impact location (Leroi, |5rgest events in a region are those that generate
1996; Van Westen et al. 2006). There are thregnacceptable levels of risk, or whatthe size of

dominant methods for assessing and assigine event that should be considered in the design of
vulnerability values to the exposed elements (Fuch$ne remedial measures in order to achieve a
et al. 2015): matrices, indicators, and CUNS. reagonable level of safety. The analyses on the
vulnerability is a conditional probability, the use (gjative contribution of different landskd

fragility curves facilitates quantitative risk analysis. magnitudes to risk are scarce but these type of

Vulnerability curves display the probability of questionganbe resolveavith QRA.
reaching or exceeding a certain damatge due

to the interaction with a landslide event of a given
type and intensity. They are built based on eithe

Table 4 presents the results of a rockfall QRA in
the Monasterio_ de Piedra, Spai_n (Corominas et al.
empitical or analytical data. The use of 2019). Two trails below steep limestone cliffs are

vulnerability curves has several advantages: (a) &nalyzed (Figure 7). Trail 1 runs along the end of a
quantitative relation is established betweend€ntle slope topped by the cliff. Trail 2 runs directly
intensity of the landslide and damage of the Pelow the rock cliff. The results show that highest

element: (b) curves can explicitly include both risk is asociated to frequent small events and that
epistemi'c and aleatory uncertainties; (c) thethe rockfall fragmentation has contrasting effects.

vulnerability value can be used directly to calculateF"@gmentation reduces the annual probability of

. 2 4 .
risk; (d) the feasibility of protection measures can0ss of life from 1.210° to 3.540", that is, almost

be assessed by means of cost-benebt analysi@’yo orders of magnitude, provided that the slope is
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sufficiently long and gentle. This is because the occur (almost) simultaneously and most of

new fragments generated travel shorter them independently although interaction,

distanceswith lesser kinetic energy. The effect such as erosion/undercutting of the slopes by
disappears in case of large rockfalls (>8pm river floods and subsequent destabilization

because most of them reach the trail despite the (Corominas & Alonso, 1990), can also take

fragmentation. Conversely, the risk increases when place.

rock fragments propagate over steep slopes. In this ¢)) Compound hazardous processes in which
case, few blocks stop along the way and the intensity and consequences are greater than
generation of a cone of fragments increases the the sum of the effects of each event

exposure. The probability of impact for fragmental separately. This can be observed in

rockfalls in trail 2 increases substantially, typically concurrent events (temporal and spatial

by a factor of 2 or 3. overlapping) such as short-lived landslide

4.2 Multi-hazard risk analysis

dams that form and fail during the rainfall
event thus worsening the effects of river

Human settl_ements and infrastructureay be _ floods (Catane et al. 2012); or rain falling
exposed to different hazards. The term multi- onto fresh deposited pyroclastic material
hazard refers to all possible and relevant hazards, generating lahars (Self, 2006). The events
and their interactions in a given region (Gill and may have a common trigger or not.
Malamud, 2014). International agencies have d)! Cascading (or domino)'eects. Hazardous
called for a multi-hazard approach in order to lower events follow one another either immediately
risks and reduce the effects of natural disasters as inthe case of rock avalanches falling in
(Kappes et al. 2012b and references therein).  |akes generating displacement waves (Korup
Performing quantitative risk analysis from multiple and Tweed, 2007; Huggel et al. 2012) or after
hazards is challenging (Marzocchi et al. 2012; some delay as shown in the collapse of
Mignan et al. 2014; Terzi et al. 2019) but for landslide-dams emptied catastrophically
meaningful and complete risk evaluation, the (e.g. Dunning et al. 2006; Cui et al. 2009).
combined & ectsof hazards have to be accounted Secondary events subsequent to a primary
for. Otherwise, risk may be underestimated. The event (e.g. the slope failure) may become
diversity of multi-hazard interactions has been more damaging than the initial event.
reviewed by Gill and Malamud (2014), Tilloy etal. ey Spatially overlapped independent hazardous
(2019), among others. events. The events may affect the same

Landslide hazard and risk are usuallysessd elements at risk but the events are triggered

independently from other hazards despite the fact by different mechanisms and their
that landslides are often the consequence of the occurrence usually follow different temporal
occurrence of a primary event, such as rainfall or scales such as in the case of snow avalanches
earthquake. A number of contexts involving and landslides (Bell and Glade, 2004).

landslides require a multi-hazard risk analysis:  Risk quantification of scenarios (a), (b), and (e),
a)l Source-dependent codviaazardous events. can be performed separately for each process and

b)

The events are genetically linked and sharethen aggregated, under the assumption that
the same source (location). Processes havingnteraction does not exist (Zerere et al. 2008;
the potential to generate multiple Mavrouli et al. 2019). This approach is known as
simultaneous (quasi simultaneous) multi-layer risk assessment (Terzi et al. 2019)
damaging-events as in volcanic eruptionsAssessment of (c) and (d) contexts require first
that may result in lava flows, ash or lapilli defining scenarios of specified primary event-
fallout, lahars, volcano flank collapse, or magnitude that can be either modelled or analyzed
earthquakes (Pierson et al. 1990; Zuccaro ewith probabilistic tools such as event trees (Neri et
al. 2008). al. 2008; Sandri et al. 2014)ne main difficulty of
Source-independent  coeval  hazardousthe combined analysis over a given time period of
events. Genetically linked by the trigger, hazardous events such as volcanic eruptions,
which initiates multiple hazardous events landslides, floods, or earthquakes is that generally,
from different sources. This is typically the each one is founded upon different method@sgi
scenario generated by heavy rainfall leading to the results not being comparable
triggering a number of individual events such (Marzocchi et al. 2012). This also applies to
as debris flows, landslides, rockfalls and landslides. Regions affected hy diversity of
river floods (Borga et al. 2014). The events landslide mechanisms (i.e. rockfalls, debris flows,
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Table4. Individual risk (annual probability of loss of life) fonfragmented (U) and fragmental (F) rockfalls at two trailisast
of Monasterio de Piedr&pain 1 (top) and 2 (bottom). A uniformly distributed flow of visgdi700 visitors/day) iassumd
(Corominas et al. 2019Risk components are those shownhia €quation ofigure 4, in which the probability of occurrence of
an event of magnitude N& replaced by the annual frequency)(N

Trail 1 - long gentle slope

Volume Frequenc Unfragmented rockfalls Fragmented rockfalls
M; (m?) Ni P(X:M) P(T:X) Risk- U P(X:M) P(T:X) Risk- F
<0.05 16.32 0.119 0.010 9.9x10° 0.000 0.000 0.000
0.05 < x <0.5 0.25 0.328 0.019 1.4x10° 0.000 0.000 0.000
05<x<5 3.3x10° 0.590 0.022 4.3x10* 0.043 0.034 4.7x10°
5 < x <50 4.3x10° 0.765 0.066 2.2x10"* 0.233 0.120 1.2x10*
50 < x <500 5.7x10" 0.832 0.124 5.9x10° 0.631 0.374 1.4x10*
>500 8.0x10° 0.874 0.153 1.0x10° 0.800 0.678 4.2x10°
Cumulated annual probability of loss of life 0.012 3.5x10*
Trail 2Dsteep slope
Volume Frequency Unfragmented rockfalls Fragmented rockfalls
M; (m?) Ni P(X:M) P(T:X) Risk P(X:M) P(T:X) Risk
<0.05 7.324 0.611 0.010 2.3 x10? 0.2940 0.0401 4.4 x10?
0.05 < x <0.5 0.112 0.839 0.019 1.6 x10° 0.5700 0.062 3.6 x10°
0.5<x<5 0.015 0.945 0.022 3.1 x10° 0.7908 0.156 1.8 x10°
5 < x <50 2.0 x10° 0.970 0.066 1.2 x10* 0.9507 0.244 4.5 x10*
50 < x <500 2.6 x10° 0.979 0.124 3.1 x10° 0.9886 0.367 9.4 x10°
>500 3.0 x10° 0.982 0.153 5.0 x10° 0.9917 0.472 1.6 x10°
Cumulated annual probability of loss of life 0.025 0.050

rotational slides), requires a multi-hazard approach. The challenge of multi-hazard QR#therefore
Despite different landslide types can be triggeredbringing all these phenomena under a common
by the same trigger (i.e. rainfall, earthquake),metric to produce comparable risk levels and
researchers are aware that each type of slope failumesults on a common and meaningful scale (Kappes
needs specific predictive model based on a set ot al. 2012a). This may be attempted using
factors that are either common to other models oquantitative risk descriptors for each of the hazards,
unique (Carrara et al. 1999). Different landslide such as the expected annual monetary loss, the
types have distinctive M-F relations, travel probability of a given loss scenario, the probability
distances and produce different impacts. Separa of one or more fatalities, or others mentioned at
hazard map and risk scenarios are therefor&€orominas et al. (2014b). In that respect, a key
required for each landslide type, which are point is establishing criteria to relate hazard levels
eventually combined. If concurrence and to vulnerability and costs (Schmidt et al., 2011,
interrelation between events is foreseen, then th&appes et al., 2012b).

scenario of compound hazard and/or cascading gxamples of quantitative landslide multi-hazard
effects has to be considered. risk analysis within a given time period are limited

Primary hazardous events may also affect then number. To make the problem manageable, the
predisposing factors of other secondary hazardsanalysis usually includes simplifications. Zezere et
normally increasing the probability of occurrence al. (2008) quantified direct risk from the occurrence
as discussed in section 3.5 (e.g. wild firesof translational, rotational, and shallow landsdide
increasing frequency and magnitude of shallowon roads and buildings in the north of Lisbon,
landslides; earthquake-induced slope weakenindPortugal, for a defined rainfall scenario of a given
favors future instability). The effects may show up return period. In this particular case, landslide
shortly in the aftermath (e.g. Lin et al. 2006) or in magnitude is assumed the pixel size and both
the long term.
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constant vulnerability and damage was estimatedAGS 2007). The scarcity of reliable data, the
based on the landslide type regardless its intensitycomplexity of the landslide processes and the lack
Mavrouli et al. (2019) presented the Of well-established methodologies, are reasons that
quantification of risk in a road network due to difficult the implementation of QRA studies.
multiple independent hazardous events. The studgompared to other natural hazards such as floods
analysea number of locations of a road network and earthquakes, the public awareness in front of
that may be potentially affected by landslides, rockl@ndslides is generally low (Landeros-Mugica et al.
falls, debris flows, and the failure of retaining 2016). Despite all the efforts of the administrations,
structures. The comparison and quantification ofandslide ~ damages are steadily increasing

the risk levels is achieved by estimating the loss orfvorldwide (Petley, 2012; Haque et al. 2016; Zhang
different exposed elements (persons, vehiclesand Huang, 2018). Instead, the number of fatalities

infrastructure, and indirect economical loss), for @PPears to be falling (Kron, 2000; United Nations,
each hazard scenario. Hazard is expressed in terns909) except for some specific regions (Petley et
of annual probability of failure of either a natural @l- 2007). Theefigures most probably reflect the
or cut slope, or retaining structure,of a given Population growth and the increase of exposure.

magnitude. For dormant landslides, hazagiven Landslide risk assessment is the process of
by the probability of a sudden reactivation. making a decision recommendation on whether the
Magnitude or intensity descriptors are assigned taexisting risk, considering existing mitigation
each hazard type, whose levels are associated toraeasures, is tolerable or not (Fell et al. 2005). It
degee of damage and its consequent loss. In thenvolves the risk analysis and risk evaluation
example of Mavrouli et al (2019), the consequencephases. The latter is the stage at which values and
include the costs related to removal of rubble,judgement enter the decision process, explicitly, to
repair and/or replacement of the road pavementconsider risk acceptance criteria and identify a
scaling of the slopes (removal of loose undetachedange of alternatives for managing the risks. Risk
rock or debris), slope stabilization and traffic may be acceptable, tolerable or unacceptable.
detours. In case that more than one type of hazar@cceptable risk refers to the level of risk that
is present on a given location, total risk is the sumrequires no further reduction, while risk can be
of risks. tolerated if certain benefits are achieved. The latter

The overall methodology for the quantification ©Ption usually requires the implementation of risk

of the risk consists in the application of the generalMitigation measures according to princip&low
equation: as reasonably practicable (ALARP). It is therefore

the societyOs decision whether to accept or telera
the risk (Duzgun and Lacasse, 2005).

o H# D023 (2) Where only material losses are concerned, risk
acceptability can be assessed by a routine cost-
) benefit analysis, comparing the total annual risk
Where: cost with the annualized cost of prevention or
j: magnitude (volume) or intensity (velocity) class protection. However, when humans are in danger

k: hazardous event type (rockfall; failure of an @cceptability standards has to be set by other

anchored retaining wall; slow moving landslide; stak_eholders (Hungr, 2016). A common criterion
failure of a sea wall) for risk acceptance is that the incremental risk from

o landslides should not be significant compared to
, .- Average annual risk in terms of UC per year cher risk_s to which a personis expps_ed |n everyd_ay
.10 Annual probability/frequency of occurrence of lifé (Leroi et al. 2005). Although OsignificantO is
a k-type event of magnitude j not defined, the maximum allowable risk for

, individuals in terms of annual probability of loss of
Ck: Consequences of the failure/rupture caused b}‘ife, for existing and new developments set

a hazardogs k-type event, of magnitude jin termgespectively as Iband 10°in Hong Kong (Ho et

of (as multiples of) the cost units. al. 2000) and Australia (AGS, 2007), while in
4.3 Risk assessment Canada is_l’é (Porter and Morgenstern, 2013).
Societal risk is commonly evaluated with
cumulative frequency-number of fatalities (F-N)
plots, which are subdivided in regions of
unacceptable, ALARP, and broadly acceptable

To date, few jurisdictions around the world have
set legislated or administrative guidelines for risk-
to-life acceptability for landslide hazards as for
instance, Hong Kong (GEO 1998) or Australia
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(Fell and Hartford, 1997). Tecale FN plots of  perception, the willingness to accept risk and the
societal risk, a reference toe length of the naturalillingness to pay (Winter and Bromhead, 2012).
hillside of 500 m is considered (Ho et al. 2000).

As noted by Hungr et al. (2016), adtua S!IFINAL REMARKS
applications of the acceptance criteria are based on Carrara et al. (1999) warned that the diffusion of
either hazard or risk. Hazard-based acceptancehe GIS technology was hampered by high
establishes an acceptable maximum probability andligitation costs, bottlenecks in  hardware
intensity levels of potential landslides, with capabilities, efforts in tuning-up hazard models and
specific consideration for sensitiaemeits such  the lack of appropriate data. Since then, significant
as schools or hospitals, or less sensitive ones sugirogress have been made. Hazard and risk analysis
as storage houses (e.g. Lateltin, 1997; Corominakave nowadays benefited from new and improved
et al 2003). Risk-based acceptance typicallyremote data capture equipment (e.g. lidar, digital
establishes a maximum probability of loss of life photogrammetry) which provide products at an
(Ho et al. 2000; AGS, 2007) or specified economicincreasingly higher resolution over wide regiass
losses. well asfrom the development of codes integrated

In the context of the hazard-based approach, thé" GIS platforms run by powerful computers.
literature review indicates that LS maps are often Quantitative landslide hazard and risk analyses
proposed, as the acceptability criterion for land useand mapping must ensure repeatability and
planning, without consideration of present andtransparency of the procedures used. Despite the
projected exposed population and/or property. Thiswvide spectrum of landslide types, newly developed
leads again to the discussion of section 3.1, orstepby-step analytical and numerical techniques
whether planned development in LS classesshould facilitate standardization. To account for the
potentially affected by a percentage of landslidesintensity and probability of impact, the ansily
ensures the minimum level of security required formust be spatially explicit otherwise quantification
the population, particularly if landslide runout is of risk will be limited.

not considered. In the authorOs opinion this is & yncertainty is a central feature of risk analysis

critical issue. Exposure is a dynamic component ofy o4 odels must be checked and validated. In that
risk and population growth stimulated by planning

lead q 0. This has b respect, several challenges still remain on the
can lead to an unwanted scenario. This has DeeRiqrpretation of indexes and validation curves.

already highlighted in relation to other natural y/gjigation of LS maps focus mainly on the overall
hazards. Projections of future impacts of floods byperformance of the models (i.e. AUC, contingency

the end of this century indicate that damages mayayeq) However, errors are not equally relevant.
increase more than one order of magnitude in buil

Validation must pay attention on the impact of

areas. Although climate change plays a role, th&yis |assification in the low landslide susceptibility

increase is mostly due to the SoCi0-eCONOMIC;|,ssedefore integrating LS analysis and maps in

growth ~and particularly, to the exposure |5nq yse planning. Unfortunately, despite the
(Winsemius et al. 2016; Tanoue et al. 2016). accumulated experience, no requirements have

The application of hazard-based acceptancebeen proposed so far on the number and nature of
approach may be contemplatedsituations where the input parameters (factors), the DEM resolution,
it can be demonstrated that landslides do not posethe data treatment methods, or the quantitative
credible threat to an existing or proposed quality indicators that must be met for generating
development, or in locations outside of the run-outreliable LS models. In any case, application of LS
zone of the maximum credible landslide eventmaps for land use planning without consideration
(Porter et al. 2009). For all other situationssit  of the magnitude and landslide runout should not
more appropriate to conduct the quantitativebe recommended.

assessment of potential scenarios. Landslide inventories in some regions show
Within the ALARP region, cost benefit strong scaleinvariant M-F relation over several
calcdations should demonstrate that all cost-orders of magnitude. The relation, however, has not
effective and practicable risk mitigation measuresbeen tested in all instances and the extrapolation of
are undertaken (Ho et al. 2000). Mitigation works, the relation to both low and high magnitude ranges
are often costly, may have a significant impactmay give unrealistic hazard scenarios. Bounds to
upon the environment, and considered toothe landslide volume distributions must be defined.
conservative (Ho and Roberts, 2016). The ALARPEmpirical evidence suggests the existence of a
principle requires a delicate balance between, risknaximum  regional/local finite  landslide
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magnitude, which depends on the geomechanical Despite the increase of knowledge and the
and morpho-structural attributes of the slopesawaeness of the administrations, the economic
present in the region. However, it is necessary tdosses are steadily increasing worldwide. It most
develop procedures based on the actual regiongirobably reflects a sustained increase of the
physiographic context to determine it. Meanwhile, exposure and the inability of local authorities to

the largest inventoried landslide volum& well as  cope with a scientifically complex problem. Hazard
the largest kinematically detachable rock mass (omaps are legally binding in a few countries only
movable sediment deposit) could be used as avhile in other, maps are simply recommendations
proxy of the MCE. with the delimitation of hazard zones lacking of

Increasing evidence indicates that global changé@fficial statutory regulation. Risk acceptance based
(both climate and anthropogenic) affect the N hazard-approach has to be checked. In that

stability of slopes worldwide and this fact can no "eSPect, the evaluation of the risk scenarios
longer be omitted in landslide hazard assessmerf€Sulting from the development of the study area
and in QRA. A main restriction is that the should help authorities to decide on the
quantitative relation between the global change an@nforcement of the maps.

the landslide occurrence is not entirely reliable. The
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