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1 Abstract

Earthquakes have been recognized as a major chlasedsliding (Keefer, 1984), and landslides
triggered by earthquakes have been documentedtsiad¥ century (Seed, 1968).

The spatial distribution of earthquake-induced &idgs around the seismogenetic source has been
analysed to better understand the triggering otidades in seismic areas and to forecast the
maximum distance at which an earthquake, with daremagnitude, can trigger landslides.
However, when applying such approaches to old gaatkes one should be concerned about the
undersampling of smaller landslides, which can &mecelled, by erosion and landscape evolution.
For this reason, it is important to characterizeeftdly the size distribution of landslides as a
function of distance from the earthquake source.

| analysed six earthquakes in the world that tnigdesignificant amount of landslides (Finisterre
1993, Northridge 1994, Niigata 2004, Wenchuan 20@@&te 2008 and Tohoku 2011) to better
understand the relation between the spatial digioh of the landslides, the peak ground
acceleration (PGA), the distance from the sourtles,relief and the lithologies of the area. |
observed a strong relationship between landslidesasxd PGA, while the relationship between the
distance from the source and the landslide sizeilulision is not clear, due to the interaction of
different factors such as relief and lithology.

| also developed magnitude frequency curves (MBCHifferent distances from the source area by
using different methods, such as: the maximum ihkeld estimator of cumulative power-law
distribution (Clauset et al, 2009); the maximunelikood estimator of non-cumulative power-law
function; the least square regression of non-cutiveldog power-law function and the maximum
likelihood estimator of Double Pareto distributidmobserved a decrease of the spatial density of
landslides with distance, with a small effect oé thize of these landslides. | also identify the
Double Pareto function as the best tool for thenfitof the data (Valagussa et al., 2014a).

In order to define the hazard due to earthquakaeed landslides, | developed a methodology for
guantitative probabilistic hazard zonation for radls (Valagussa et al., 2014b). | applied and
demonstrated the method in the area of Friuli @asltalian Alps) that was affected by the 1976
My, 6.5 earthquake. Four rockfall datasets have begpaped from both historical data and field
surveys. The methodology relies on a three-dimeasichazard vector (RHW.g), whose
components include the rockfall kinetic energy, ftlgdneight, and the annual frequency. The values
of the first two components are calculated for elaciation along the slope using the 3D rockfall
runout simulator Hy-STONE. The rockfall annual fuegcy is assessed by multiplying the annual

onset frequency by the simulated transit frequeddye annual onset frequency is calculated
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through a procedure that combines the extent dhblesareas, calculated for 10 different seismic-
hazard scenarios with different annual frequendgsccurrence, and the magnitude relative-
frequency relationship of blocks as derived from ¢bllected field data. For each annual frequency
of occurrence, the unstable area is calculated #&snetion of morphometric and earthquake
characteristics. A series of discriminant-analysisdels, using the rockfall datasets and DEMs of
different resolution (1 and 10 m), identified thentrolling variables and verified the model
robustness. In contrast with previously publishesearch, | show that the slope curvature plays a
relevant role in the computation of the unstabkeaamo ensure the validity of the peak ground
acceleration used as seismic parameter in theirdisant function, | also try to define a map of

PGA based on the precarious balanced rocks sunayéuke field.



2 Introduction

2.1 Earthquakes-induced landslides

Earthquakes have been recognized as a major cdukndslide (Keefer, 1984). Landslides
triggered by earthquakes have been documented dtdeast as early as 373 or 372 B.C. (Seed,
1968). Keefer (1984) studied 40 historical earthkgsato analyse the relationship between
landslides and earthquakes. He classified the ligiedis three categories that are rockfall, rod sl
and disrupted slide, and observed that the numbkamdslides triggered by earthquake generally
increases with increasing magnitude. However, & geological condition and the seismic
parameters influence the landslide number. Duriagtudy, Keefer identified five measures:

- the smallest earthquakes that cause landslidesth®rbasis of the intensity reports for
United State earthquakes and the 40 historicaltsyére smallest earthquakes for each type
of landslide has been identified.

- the relation between magnitude and the area atfdngdandslide (Figure 1); For 30 of the
historical earthquakes, the area affected by lateshas been found by drawing a boundary

around all reported landslide localities and caltinh the size of the region enclosed.

500,000

200000
100000 [~
50000
20000
10000
5000 -

2000 -
1000
500
200
100 -

Area affected by landslides (km2)

1 L r D ' s L L L ' L
40 45 5.0 355 60 &5 70 75 80 B5 90 25

Magnitude (M)

Figure 1. Area affected by landslides in earthquakef different magnitudes. The number refer to the arthquake
reported in Keefer et al. (1984). Dots: onshore etirquake; x: offshore earthquake. Solid line is appoximate

upper bound enclosing all data.

- the relation between magnitude and maximum distasicandslide from the epicentre
(Figure 2-a); In this case the relation was foumddisrupted slide and falls, coherent slide
and lateral spread and flows.

- the relation between magnitude and maximum distémace the fault rupture (Figure 2-b);

The fault rupture zone were determined in diffeneays, and this kind of distance may be
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more appropriate than the maximum epicentre distafiso in this case, the three type of

landslide of the previous relation were used.
- the minimum shaking intensity at which landslide driggered. To define the lowest

intensities, iso-seismal maps were compared withsnshowing the landslide distribution

for all the historical earthquakes.
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Figure 2. Maximum distance from fault rupture zoneto landslides for earthquakes of different magnitues (a).

Maximum distance from fault rupture zone to landsldes for earthquakes of different magnitudes (b). Cwes

digitalized by Keefer et al. (1984)

Keefer and Wilson (1989) and Keefer (1994) ideetifa relation, as a linear regression, between
the total landslide volumes of landslide and thegmitade of the earthquakes. The total landslide
volume have been determined by field activity amerpretation of aerial photos. The earthquakes
considered were shallow and onshore. Rodriguet €1209) provides a significant extension of
the database compiled by Keefer. The number ohgaakes was increased from 40 to 76 and
updating to 1997. This work confirms the resultskafefer but show that the maximum area
affected by landslides is greater than the uppamdboproposed by Keefer for intermediate
earthquakes, related also to the difference irgdugraphic location of the two datasets. Meunier et
al. (2007) derived an equation to characterisesfiatial variation of landslide density analogous
with regional seismic attenuation laws, becausethe considered earthquakes (California, Taiwan
and Papua New Guinea) landslide densities wereehigharea with stronger ground motion and
decay with the distance from the epicentre. Mocemdly regional based curves has been proposed
for ltaly (Prestininzi and Romeo, 2000), Greecep@mpoulos and Plessa 2000), and southern



Spain (Delgado et al., 2011). Prestininzi and Rof2€800) found that landslides and fractures are
more likely to be triggered by earthquake than gppphic changes and liquefaction, because the
first two categories require smaller site and eqi@ intensities and occur at longer distances tha
the latter two types. On the basis of a set of &ses of earthquake-induced landslides in Greece,
Papadopoulos and Plessa (2000) identified a rahgegnitude (M) in which the landslide could
be triggered in their country (between 5.3 and.D@lgado et al. (2011a) analysed the seismically-
induced landslide in the Betic Cordillera (Spaemd they found regression curves for the different
type of landslides for the study area. Delgadd.ef2@11b), on the basis of previously worldwide,
country, and regional based datasets (Worldwidefdé¢e 1984; Costa Rica, Mora and Mora, 1994;
Worldwide, Rodriguez et al., 1999; Greece, Papadiogoand Plessa, 2000; Italy, Prestininzi and
Romeo, 2000; Central America, Bommer and RodrigR@@2; New Zealand, Hancox et al., 2002;
USA, Keefer, 2002; Colombia, Rodriguez, 2006; CEREI010; S Spain, Delgado et al., 2011a),
found that most of the data were well containedHh®yupper bounds proposed by Keefer (1984),
but there was a set of outliers for the disrupted eoherent landslide types (for low and moderate
magnitude). These exceptions could be related meeslocal factors such as the susceptibility of
slopes prior to earthquake occurrence, antecedamt site effect or the occurrence of seismic
swarms/series. From the new compiled database, dbegluded that, for earthquakes of equal

magnitude, the disrupted landslides might occuh&rraway than the coherent landslides.

2.2 Influence of seismic parameters on landslide size

With the increase of the distance from the seissoigrce, it is expected that the landslides size
decrease. Keefer and Manson (1998) in the LomaaPearthquake (1989) found that beyond a
certain distance only small rockfalls, rockslides, soil slides with volume less than 100° m

occurred.
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Figure 3. Maximum distance from epicenter for seisncally induced landslides as a function of earthquiee
magnitude (limits from Keefer, 1989). Graph from Khazai and Sitar (2003).
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Figure 4. Calculated landslide areas for the wholeanges of frequencies and input accelerations fomto models
considered (see Bourdeau et al., 2004).

Khazai and Sitar (2004), observing the charactesisif the landslides triggered by the Chi Chi
earthquake (1999), found that larger coherent ladets occurred at distance lower than shallow
and disrupted landslides (Figure 3). From the grappossible to see that also for the Nisqually
earthquake (2001) and Northridge earthquake (18%he same.

In order to better characterize the landslide pakmnder seismic condition, Bourdeau et al.
(2004), through numerical modelling, defined how #ize of a slope failure may be linked to the
intensity of the seismic shaking and to the sizea @eismic event, considering that large events
producing strong ground accelerations in a lowegdency range.

Figure 4 shows that, the area of the sliding mapglly increases with the intensity of the seismic
shaking. This increase is limited, in most of tlases, by an area value (plateau) corresponding to
the area of the pseudo-static failure induced lbgelaground-motionsrigure 4 also shows that in
addition to the amplitude the frequency contenthef signal has an influence on the sliding area.
The area is generally larger for lower frequencigsich may be a consequence of the distribution
ground-motions in the slope.

For high frequency inputs, Bourdeau et al. (2002)nfl that the strong ground-motions are
confined to the crest of the slope inducing a mswusceptibility to failure than for low-frequency
shaking which produces relatively stronger grouratioms at depth. Combining a low-frequency
input with a resonance phenomenon in the low-fraquerange (1 to 3 Hz), the slope failure
potential takes its highest values. Moreover, lamgggnitude earthquakes tend to trigger larger
landslides because of the larger ground accelesatiad the low-frequency content.



2.3 Implication for landslide hazard

The observation from Keefer and Manson (1998) ahdz&i and Sitar (2003), and the results of
numerical modelling by Bourdeau et al. (2004) hawgortant implication for landslide hazard.

In fact, landslide hazard expresses the probalthigy a landslide with a certain intensity can @ccu
in a certain location within a given period of tiff8SMGE Glossary of Risk Assessment Terms,
http://140.112.12.21/issmge/2004Glossary_Draft].pthis definition underlines that hazard is a
function of intensity. This function is usually kmo as hazard curve, in the literature generally
related to seismic risk (Frankel et al., 1996), dgitorms and floods (Grinthal et al., 2006) and
tsunamis (PTHA, Gonzalez et al., 2009; Annaka €t28l07; Liu et al., 2007; Geist and Parsons,
2006). While the concepts of intensity and magratade well defined for these threats, the terms
are not always really and easily formalised fodklides. A formalization was proposed by Hungr
(1997), and some clarifying advices have been espkin some recommendations for landslide
risk assessment (e.g. OFAT-OFFE-OFEP, 1997; AG8Y7;2Bell et al., 2008; Corominas et al.,
2014). In most cases, however, intensity is used general term, which can include different
concepts, such as size, volume, velocity, energggvtude is frequently used to describe the size
of a landslide in terms of volume (e.g. Hungr etl®99; Marchi and D’Agostino, 2004; Jakob and
Friele, 2010; Santana et al, 2012) or area (e.gviu$ et al, 1997; Stark and Hovius, 2001;
Dussauge et al, 2003; Malamud et al., 2004b; Gatlnid Evans, 2004). A low consensus on the
use of terms derives from the fact that landslidedude different phenomena, which can be
described by different parameters. Due to the dobdifficulty to generate hazard curves for
landslides, a reason why they are extremely ratbeniandslide risk literature, the selection of an
intensity parameter is still an important issu¢emsity should correspond to a measure of “damage
potential”. Hence, it should not express the siza tandslide, but its destructive power. On the
other hand, the frequency of landslides is oftdated to their size and not necessarily to their
destructive power, expressing the magnitude ofetrents, more than the intensity (e.g., Hungr et
al, 1999; Dussauge et al, 2003). In this thesisutthfor seismically induced landslides is limited t
rockfalls. Rockfalls are one of the most severe @mdirrent dangerous events, and occurs where
geological and weather conditions are particuladyere for slope stability. Moreover, rockfalls
and in general landslide, represent one of the reagondary effect of large earthquakes (Keefer,
1984; Rodriguez, 1999; Hack et al., 2007). RocKkialtard zoning is therefore fundamental for land
planning, especially in seismic areas that areiquaatly prone to rockfalls. Hazard zoning is the
division of land into homogeneous areas or domamg their ranking according to degrees of
actual or potential landslide hazard (Fell et aQ0&. Different rockfalls hazard zoning

methodologies have been proposed at different s¢albiouse and Abbruzzese, 2011) through
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multi-criteria rating approaches (e.g., Piersor9@%r approaches based on coupling energy and
frequency (Raetzo, 2002; Corominas et al, 2003;ilRowet al, 1998; Jaboyedoff et al, 2005).
However, most of these approaches assess the lidtktpuency by heuristic approaches, expert
judgement, or based on relatively small historatatiaset. This makes them inapplicable in seismic
areas, where the probability of rockfalls is mosthyntrolled by earthquake events. A rigorous
rockfall hazard assessment for zoning purposesiresquhe definition of the probability of
occurrence, and the level of energy associatedkpeated events. For rockfalls occurring along
complex slope morphology, two aspects of probatslitould be analysed: the onset probability and
the reach probability (Corominas et al. 2005; Jablojf et al. 2005; Straub & Schubert 2008;
Agliardi et al. 2009). The onset probability depgndn several factors (e.g., geological,
geomorphological, hydrological conditions) thatdthg control the stability of the cliffs, and oneth
probability of possible external triggering ever{esg., rainfall, earthquakes). For seismically
triggered rockfalls, the onset probability is reggatl by the probability of occurrence of earthqgake
with different intensity. For other landslide typgly the relationship between earthquake input and
landslide occurrence has been extensively studietidans of empirical (Keefer 1984; Rodriguez
et al, 1999; Lee et al., 2008; Miles et al., 2089 physically based approaches (Jibson et al,;2000
Wasowski et al., 2000; Bommer and Rodriguez, 2@¥polongo et al., 2002; Del Gaudio et al.,
2003; Del Gaudio et al., 2004; Uchida et al., 20Béng et al., 2009; Rapolla et al., 2010;
Motamedi et al., 2013). Indeed, only a few conttitms focused explicitly on rockfalls. Based on
Umbria and Marche 1977 earthquake (Mw 6.0), Marzoeh al. (2002) defined a multiple
regression equation in which the density of lant#si{D) is related to slope angle (S) and Peak
Ground Acceleration (PGA) as follow: log B - 4.565 + 0.056-S + 0.670- PGA.

The reach probability depends on the path followgdockfalls in their movement along the slope
and it is controlled by several factors, such a&sttpographical surface at micro and macroscale,
the rockfall volume, the shape and the size ofkddé&rattini et al, 2012a). For the assessment of
the reach probability, a simulation of rockfall roomit should be performed by using empirical
methods (e.g. the “shadow cone” method, Evans amadgH 1993) or by simulating free-fall,
impact, bouncing and rolling motions in a 2D or 3pace, through the use of kinematic (e.g.,
Stevens, 1998), hybrid (Pfeiffer & Bowen, 1990; domet al. 2000; Agliardi et al., 2003; Crosta et
al. 2004) or dynamic mathematical models (Descagednd Zimmermann, 1987; Azzoni et al.
1995; Leine et al , 2013).



2.4 Magnitude Frequency curves

As seen above, the size of the landslide is ofrpaumt importance for landslide hazard because it
controls the destructive power of landslides (iteg local intensity) and because it controls the
frequency of landslides. It has been widely obsgriet larger landslides are less frequent than
smaller landslides. The relationship between the sf the landslides and the frequency is called
Magnitude frequency curves.

The magnitude-frequency curves has long been ussdismology, where the observed power-law
relationship between earthquake magnitude and éregyuis known as the Gutenberg-Richter Law
(Gutenberg and Richter, 1954). The characterisatibandslide size distribution has recently
deserved the attention of many researcher, wittereéimt scopes: the comprehension of landslide
dynamics (Pelletier et al., 1997; Hergarten anddebauer, 1998; Dussauge et al., 2003; Katz and
Aharonov, 2006; Guthrie et al., 2008; Stark and Z&ttz, 2009), the quantification of the erosion
caused by landsliding (Hovius et al., 1997; Howusl., 2000; Stark and Hovius, 2001; Brardinoni
and Church, 2004; Guthrie and Evans, 2004; Hungt.e2008; Chen, 2009), and the evaluation of
landslide event magnitude in natural hazard stuflisgr et al., 1999; Malamud and Turcotte,
1999; Guzzetti et al., 2002b; Malamud et al., 20@db Brink et al., 2006; Van Den Eeckhaut et al.,
2007; ten Brink et al., 2009). These studies cdroat on landslide inventories from different
locations allow to establish some points on whicheaeral agreement exists: (1) the frequency
distribution exhibits power-law scaling for landids larger than a size threshold; (2) below this
threshold, the distribution shows a deflection tbatiate from power-law. In some cases the
deflection occurs right below the modal peak ofdistribution, known as roll-over (e.g., Malamud
et al.,, 2004b). In other cases (Brardinoni and €mu2004; Van Den Eeckhaut et al., 2007;
historical inventories in Malamud et al., 2004lng deviation from power law is progressive below
a certain size, possibly due to incompleteneskefriventory (Guzzetti et al. 2002b).

Both the physical reasons for the power law scading the physical meaning of the deflection are
not clearly understood.

The power law scaling for landslides has been uahpointerpreted in the literature as the result of
self-organized criticality (sandpile model, Bak @t 1988; Hergarten and Neugebauer, 1998);
heterogeneity of slopes and fracture systems (lkatt Aharonov, 2006), stochastic process of
rupture propagation (Stark and Guzzetti, 2009).

The deflection from power-law below a size thredhbls been interpreted as: (1) the result of
undersampling (Hovius et al., 1997; Hovius et 2000; Stark and Hovius, 2001); (2) the effect of
the distribution of soil moisture over the landsedfor shallow landslides, Pelletier et al., 1997);

(3) the consequence of the transition from frictcmmtrolled to cohesion-controlled strength when
9



decreasing the area (and the depth) of the lamdghthlamud et al., 2004b; Katz and Aharonov,
2006; Stark and Guzzetti, 2009); (4) the consequ@fhslope length constraint on the downslope
propagation of long-runout landslides (Guthrie &wahns, 2004). A progressive deviation observed
in some inventories has been explained as theteffetme-scale constraint on small-landslide
detection in historical inventories (Malamud et, &004b) or the effect of man-made small
landslides (Van Den Eeckhaut et al., 2007)

The origin of these differences is related to ndit problems in the characterisation of landslide
inventories. The size distribution is controlled bgth environmental factors (e.g., typology of
landslides, geological setting, soil/rock propestiand man-made artefacts. Smaller landslides can
be strongly underestimated because of censoringtdude scale of landslide survey or the
obscuration over time leading to a systematic imdsstorical inventories (Malamud et al., 2004b),
or because of smaller landslides can be undetectsdause reworked during the event by larger
coalescent landslides. Another problem is relabetthé fact that the inventories seldom distinguish
between the source areas and the depositional afdasdslides characterised by long-runout or
large download displacement. Since physical, hydyichl and mechanical processes controlling
the initial slope failure and the run-out are vdiiferent, the scaling behaviour and the roll-over

can be expected to be different.

2.5 On-field verification of PGA

The Peak Ground Acceleration (PGA) is the most comynused parameter in seismic hazard
analysis and in earthquake-induced landslide haFfardthis reason, the quality and reliability of
PGA data is extremely important for hazard analysis

For the validation of existing map or when data amt available, an useful tool for the
understanding of the peak ground acceleration expezd by an area, come from the precarious
balanced rocks.

The dynamics of the rocking response of fragileeoty to earthquake-generated ground motions
have been researched for over a century (Malles2;18%ilne, 1881; Milne and Omori, 1893;
Kirkpatrick, 1927; Housner, 1963). Precariouslydnaled rocks are strong-motion seismoscopes
that have been in place for years, and thus theypravide important information on ground
motion and seismic hazard from large earthquakes long periods of time (Brune, 1996; Bell et
al., 1998; Anooshehpoor and Brune, 2002; Anooshahpb al., 2004; Brune et al., 2006). The
rocks can be divided into two categories basedield bbservations: semiprecarious (quasi-static
toppling accelerations 0.3-0.5 g) and precariousaggstatic toppling accelerations 0.1-0.3 Q)
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(Brune, 1996). Further development of the methogiploas allowed more accurate estimates with
field tests and computer analysis (Anooshehpoat.e2004; Purvance, 2004).

Preliminary estimates of toppling accelerations barmade from visual inspection of the rocks in
the field or from photographs. More accurate edtsanay require field testing and computer
modeling (Anooshehpoor et al., 2004; Purvance, 2004

An important parameter that is used to model tlo&ing response of a precariously balanced rock
(PBR) to ground motions is slenderness. A PBR'sd&lmessdf in Figure 5) is defined as the
angle made by the vertical (mg in Figure 5) passiimgugh the PBR's center of mass and the lines
that connect the PBR's rocking points to its aenfemass (Ri in Figure 5). These values are
typically estimated in the field using a plumb bokeasuring tape, and a trained eye.

Recently, photogrammetric and terrestrial lasensicey techniques (TLS) have been employed to
capture the 3D geometry of a PBR at decimeter (mrammetry) and millimeter (TLS) scales
(e.g., Anooshehpoor et al., 2007; Haddad and Amatts 2009; Hudnut et al.,, 2009). These
methods are especially useful to modeling the 3&king response of a PBR to ground motions
(e.g., Hudnut et al., 2009). However, these tealgsqgrequire a considerable amount of field
preparation and data collection time and effortkimgthem impractical for studies that attempt to
survey entire populations of PBRs at large scalesemplifeid methodology is here adopted. The
PBR’s dimensions are measured. Photographs of Biie d&e taken perpendicular to the direction
of toppling. The GPS coordinates of the PBR arendsd and noted.

Haddad (2009) developed a tool (PBR_slendernessvDH)) to estimatesi and Ri from
unconstrained digital photographs of PBRs. Purvd@085) first proposed this approach, where a
photograph of a PBR is taken in the field and th#iree of the PBR is digitized to compute its 2D
center of massei and Ri. Theoretically, a PBR can be sectionech@lan infinite number of
vertical planes that pass through its center ofsnaeng an infinite number of azimuths. This
results in an infinite number of local minimum slenmness values. Therefore, the azimuth at which
the photograph is taken is critical to estimating absolute minimum slenderness value of a PBR.
The general workflow is as follows: the user diggs the PBR's rocking points, plumb bob, scale,
and the PBR's outline.
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Figure 5. Geometric parameters of a precariously Hanced rock (PBR).ai are the PBRs slenderness values,
where the smallesui value is assigned to the PBR ag,.

2.6 PhD thesis outline

The first aim of this thesis is the spatial diattibn of earthquake-induced landslides around the
seismogenetic source to better understand theetiigg of landslides in seismic areas and to
forecast the maximum distance at which an earthgjumith a certain magnitude, can induce
landslides of a certain size.

In the first chapter, six earthquakes (Papua NemésuEarthquake, 1993; Northridge Earthquake,
1994; Niigata-Chuetsu Earthquake 2004; Iwate-Miyaigiiriku Earthquake, 2008; Wenchuan
Earthquake, 2008; Tohoku Earthquake, 2011) theogeml setting of the affected area and the
corresponding earthquake-induced landslides investavere describe. The magnitude of these
earthquakes ranging between 6.6 and 9,0 Ahother area that is subjective to high seismirst
considered in the first part: Northern Chile. Herdandslides inventory was mapped between
Iquique and Arica. No dating is available for thémedslides, as consequence, also the triggering
factors.

In the second chapter, the spatial distribution eafthquake-induced landslides around the
seismogenetic source has been analysed. The eakthqduced landslides were divided in sub-
set, based on the distance from the epicenter rmd the fault rupture. The sub-set contain the
same number of events. Through four different nadhagy, the magnitude-frequency curves of
each sub-set were analysed to find the scalingnetea,a, of the landslide size distribution.

In the third chapter, the relationship between lt#ralslides size and the lithology in the affected

area has been analysed, because the geology leeamaportant factor that control the occurrence
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of landslides (Keefer, 1984). Through the analydishe magnitude-frequency curves, developed
for each lithology, the scaling parameterof the landslide size distribution is found amalgsed.

In the fourth chapter, by using the fitting cunafdandslides from literature, from the inventories
analysed in this thesis and the frequency denditClole inventory for the selected areas, the
magnitude required to generate such landslideiloigsion was derived, with different possible

scenarios: a single earthquake, three-equal eatteguand ten-equal earthquakes.

The second aim of this thesis is the developmeatsample and readily applicable methodology for
earthquake-induced hazard zoning in seismic areas.

In the fifth chapter, a hazard map for the areac#d by the 1976 Friuli earthquake was developed,
starting from the "Rockfall Hazard Vector" approdBHV) proposed by Agliardi et al. (2003), and
introducing the rockfall probability as a functiah seismic hazard and rockfall dynamics. This
allow also the definition of the most important iabtes controlling rockfall triggering, and in
particular the role of PGA. In this thesis, the hoelology for the definition of the quasi-static
acceleration is applied in order to assess thalnéty of the peak ground acceleration valueshef t
ShakeMap model produced by the U.S. Geological SuBarthquake Hazards Program (Wald et

al, 2006) used in the analysis for the assessni¢he sockfall hazard.
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Analysis on Earthquake-Induced Landslides

3 Methodology

In this thesis the magnitude-frequency curve af@essed as a function of the area. In particular,
the MF curves have been developed by using eitierfrequency density (see chapter 7) or the
probability density (see chapter 5 and 6).

The area-frequency distributions of landslides weramined by developing logarithmically
binned, non-cumulative size frequency distributitret report either frequency density (f = dN/dA)
or probability density (p = dN/dA/N) as a functioh landslide planar area A (AN = number of
landslides with an area between A and A+dA, N altotmber of landslides).

The difference between probability density and dietcy density lies in the fact that the probability
density is normalized by the total number of laitt#s, and therefore it is independent from the size
of the sample population: curves referring to sasplith different number of object can be readily
compared. On the other side, the frequency derm@pyends on the landslide population, and
therefore it is convenient when trying to analyse tnagnitude of different inventories (in terms of

number of landslides).

For the fitting of the MF curves, four methods h&een applied:

1. Maximum likelihood estimator of cumulative powemalistribution (Clauset et al, 2009

Matlab tool);

2. Maximum likelihood estimator of non-cumulative pawaw function;

3. Least square regression of non-cumulative log pdawrfunction;

4. Maximum likelihood estimator of Double Pareto disation.
The purpose of these methods is the definition h&f parametern, a constant value of the
distribution known as the exponent or scaling paam

3.1 Maximum likelihood estimator of cumulative power-law distribution

The first methodology was performed in MATLAB weteis estimated in according to the
goodness-of-fit based method of the maximum lilaith estimators (MLE, Clauset at al., 2007).
To estimatea correctly, the lower bound (4,) of the power law behaviour is required. The
approach for estimating £, proposed by Clauset et al. (2009), can be apphidubth discrete and
continuous data. The value of,A is chosen so as to make the probability distrdngiof the
measured data and the best fit power law modehakas as possible above . In general, if the
chosen A, is higher than the true valuenf\ then the size of the data set is actually reduced
14



which will make the probability distributions a peo match because of statistical fluctuation. On
the contrary, if the A, value is smaller than the true,f the distributions will differ because of
the fundamental difference between the data andemlogl which it is described. So the best
estimate is between these two cases. There araedyvaf measures for quantifying the distance
between two probability distributions, but for noarmal data the most common is the
Kolmogorov-Smirnov or KS statistic (Kolmogorov, 33Smirnov, 1933), which is a measure of
the largest vertical distance between the empiacal the modelled distribution. The,f value
that minimizes the KS statistic is the chosef,AAfter the identification of A, it is possible to
define a. Given a dataset containing n observations>AAnmin, the value that maximizes the
likelihood function, the probability that the dateere drawn from the model, is chosen as scaling
parameter. The methodology gives (table 1):

- 0, the maximum likelihood estimate of the scalingaxent,

Anin, the estimate of the lower bound of the power4eaviour,

- L, the log-likelihood of the data A Amin under the fitted power law.

The method is based on the follow equation:

[e9) -a+1

p(A)dA" = (Amm>

P(4) = j

A

3.2 Maximum likelihood estimator of non-cumulative powe-law function

The second methodology is based on the maximuriinded estimator of non-cumulative power-
law function. Mathematically, a quantity A obeygawer law if it is drawn from a probability
distribution

p(A) < A™
where A is the landslide area, amds the scaling parameter. The scaling paramepeécdify lies in
the range 2 « < 3, although there are occasional exceptionds®liodata are typically shown after
log-log transforming both axes, so that the pova@r-function a provides a linear fit to the data. In
practice, few empirical phenomena obey power lawslfi values of A. More often the power law
applies only for values greater than some minimémg,, this occurs when the tail of the
distribution follows a power law. The position of,A (the minimum area) could be estimate
visually from the data. It is the point beyond whithe probability density function (PDF) of the
distribution becomes straight on a log-log plotisTkind of approach is clearly subjective and can

be sensitive to noise in the tail of the distribatiThe method is performed in Origin Lab where the
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area for the fit is chosen by the user through &ingowindow. In general Amin is selected so that

thex? and R of the fitting function is maximized.

3.3 Least square regression of non-cumulative log powdaw function

The third methodology is based on a least squageession of non-cumulative log power-law
function. This method calculates the best-fittilmge|for the data by minimizing the sum of the
squares of the vertical deviations from each daiatfo the line, e.g. if a point is placed on the
fitted line its vertical deviation is 0. To appligis method it is necessary to plot the logarithmic
values of the probability density with the loganitic values of the area.
The equation is:

log(N) = log(c) — a-log (A)
Also in this method A, the minimum area, is chosen by the user througiowang window. The

analysis is performed in Origin Lab.

3.4 Maximum likelihood estimator of Double Pareto distibution

The last methodology utilized is the Double Pardistribution (Stark & Hovius, 2001). This
method was applied because the observed sizebdisbn exhibit two scaling regimes: for large
landslides it can be observe power law scaling witlegative scaling exponent, whereas for small
landslides there is an apparent positive powerdealing. A peak (t) in the distribution dividesghi
two regimes and reflects a crossover length s€alethis reason it is necessary to consider all the
distribution in order to estimate the asymptotigatese power law tail.

The probability density equation takes the follogviorm:

[1+ (m/t)~*]P/® -
P(A) =n l[l + (A/t)—a]1+ﬁ'/al ) (A/t) 1
B +(m/t)~¢% B/a
n= t(1-6) 0= [11+((c/tt))_“]

In the equation the five parametess{, c, m and t) aren, the slope of the power law tail for large
landslide aread, the slope of the power law decay of the distrdrufor small landslide areas; c
and m, the cut off values for small and large léidds, respectively; and t, the maximum value of
the probability distribution, i.e. the area for whilandslides are most abundant and below which a

rollover occurs in the distribution.
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4 Case Studies

4.1 Papua New Guinea Earthquake, 1993

On 13 October 1993, a shallow earthquake with ntadei7.0 occurred near Tauta in the Finisterre
Range of Papua New Guinea (PNG). The hypocentdéocsted at a depth of 25 km (5.84S,
146.13E). The earthquake altered the form of manthe valleys and rivers draining into the
Markham and Ramu valleys. Oblique convergence @fihstralian and Pacific plates drives uplift
and deformation of the Finisterre Mountains. Bouhtte the south by the Ramu-Markham thrust
fault, at the origin of the earthquake, the mountainge has attained an elevation of 4 km since
onset of deformation around 3.7 Ma (Abbott et B997). Its orographic effect and near-equatorial
location force intense, seasonal rainfall, with maanual precipitation rates of about 4 m at inter-
mediate elevations. Bedrock landsliding appeaistthe dominant mode of hillslope mass wasting
in the range (Hovius et al., 1998; Densmore andi$o\2000 ), driven by frequent, heavy rainfall
and periodic, large earthquakes along the Ramu-hawk fault. Equally destructive seismic
episodes occurred on the central section of the (Rdiarkham fault in 1922 (Ripper and Letz,
1991) and October 1993 (Tutton and Browne, 1998& darthquake hypocenter were located at 19
and 20 km depth, less than 5 km apart.

The peak ground acceleration (PGA) experiencetieratea, as result of 1993 earthquake, ranging
from 0.02 g to 0.34 g (USGS, ShakeMap, Figure 6).

12,500 25,000 Km
! |

Figure 6. Pack ground acceleration (g) related tohe 1993 Papua New Guinea Earthquake. ShakeMap model
produced by the U.S. Geological Survey Earthquake &zards Program (Wald et al, 2006).
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Figure 7. Graphs showing the distribution of the P@ (g) in relation to the epicentral and the fault dstance (m).

Considering the distribution of the PGA (g) in teda to the epicentral distance it is possible to
observe a clear trend; with the increase of theai® there is a decrease of the PGA, while the

same trend it is not present for the fault distaifregure 7).

4.1.1 Digital Elevation Model
For the analysis in Papua New Guinea, a good qua@ m gridded DEM based on

photogrammetry is used for the analysis. Two mapsewealized from this DEM: the slope
gradient map (Figure 8) and the relief map (Fig)telhe slope gradient is the spatial variability o
elevation and controls the local stability of lacaises and therefore, sediment transport, and it is
measured in degree. The relief shows the differbet@een the highest and lowest elevations in an
area, so the topography of the area. The higherelied, the higher the probability for a instatyili

to interest a larger area in the same conditiohgs map is realized though a moving-window with
a radius 1km and 5km, the last was used for thédvaoralysis of the relief by Korup et al. (2007).
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Figure 9. Relief Map at 1Km (a) and at 5Km (b) forthe Finisterre Range.
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4.1.2 Geological setting

QUATERMNARY

TERTIARY NEOGEMNE

FALEOGENE

Seference

BE |

|

3

Gealogeca! boundary

Major foul! rone

Moyor foult ronw- conceaied

Activa volcanic cenfre

Lova and pyroclastics

Altwwwim, raised coral reef, fanglomerale
Limestone

Intermedhare infrusive rocks

Limastone and clostic sediments

Love and
Fine clashc ond pedogic sedimenty
Low— grode melamorpives
Pacidotite, poblro, some basalt

35 BRN £HE

MESOZOIC TO
EARLIEST TERTIARY

Crown Is. ©

@ P Tolokiwe s
Saokar Is (:\D

Ritteris..

FAL T T DT g
¥ L
SHUQN T

Trhi
T Th
-

N e S - TN LTI T
v '*44, T o o e i o
0 V€ o PENINSUL ACrh
RURMA S Gnn S
L b - T Ty
T N e e =),
Nty N A g CERES
—‘k\“ A h’a_{b‘ £ S e e
\_\_‘ P W] P
L
LAE
HUON  GULF

Figure 10. Simplified geology of the Adelbert-Finiterre Range-Huon Peninsula region, northern New Guiea,,

by Jaques, 1976.

The Adelbert, Finisterre and Saruwaged ranges asm@ligocene—early Miocene arc volcanic
rocks overlain by Miocene and younger limestoneqyéa 1976, Jaques and Robinson, 1977;
Davies et al., 1987; Abbott, 1995) (Figure 10). IFaeformation of the volcanic rocks preceded
deposition of limestone. The volcanic rocks andebtone form a great S-facing thrust based
antiform marked by limestone dip-slopes on thed¢ €ind by faulted and rapidly eroding volcanic
rocks on the S side. The Finisterre range coneisteree southeast trending lithologic belts. The
core of the range is the Oligocene through Earlpddine Finisterre Volcanic rocks. These basic
volcanic and volcanoclastic rocks were generatedatiyvity along the intraoceanic Finisterre
volcanic arc (Jaques and Robinson, 1977). The eorthithologic belt consists of Neogene
carbonate rocks of the Gowop Limestone and assaciaits (Robinson, 1974; Robinson et al.,

1976). The limestone is well-exposed in the Fimisteblock. The southern lithologic belt is a
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sequence of clastic sediments that was depositéddrmr to and during arc-continent collision.
The stratigraphy of the Finisterre range is veryilsir to that of the islands of New Britain, New
Ireland, the Solomon Islands and Vanuatu (e.g. elqand Robinson, 1977). This similarity
suggests that all of these islands were once partcontinuous Oligocene-Early Miocene arc that
Robinson (1974) named the Outer Melanesian Arcvdyaland Pritchard (1984) provided
paleomagnetic data that support this argument. Maoykers have suggested that Miocene
collision with the Ontong Java Plateau caused @misk of the Outer Melanesian Arc and led to an
eventual reversal of subduction polarity (Kroenk884; Musgrave, 1990) to form the Bismarck
Arc, a 1000 km long chain of active volcanoes that north of the Papua New Guinea mainland
and along the north side of New Britain. Subducticas occurring along the New Britain Trench
and its extension along the present day Ramu aré@iden valleys by the late Miocene (~ 10 Ma;
Musgrave, 1990; Berger et al., 1992) or Plioceméiridon and Jaques, 1980). Subduction polarity
reversal caused the Bismarck Arc to form just noftthe Finisterre range, placing the range in the
Bismarck forearc. Continued subduction along thevNBzitain Trench caused eventual collision
between the Finisterre range and the contineniftingl the Adelbert and Finisterre mountain

ranges.

4.1.3 Analysis

The relationships between lithology, relief, peakund acceleration, epicentral distance and the
fault distance are analysed.
The lithologies recognized in the area were grouipetb four classes, following the simplified

geological map proposed by Jaques (1976). (seeTabl

Table 1. Simplified geology of Finisterre MountaingJaques, 1976).

Lithology

#

1| Fine clastic and pelagic sediments
2 | Lava and Pyroclastics
3
4

Limestone

Marine and clastic sediments
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Figure 11. Graphs showing the relationships of thdithology with: a) Relief (m); b) PGA (g); c) Epicentral
Distance (m); d) Fault Distance (m).

As expected the relief increases with increasinthefrange from 1 to 5km the different lithologies
show similar relief with the exception of the Maiand clastic sediments (#4, Figure 11) with ales
relief. The PGA (g) experienced by the differehdliogies cover all the range, this is probably

related to the position of each lithology respéet ¢picenter. In fact the maximum values of PGA
(g) are closed to the epicenter (Figure 11).

4.1.4 Landslide Dataset

Figure 12. Landslides dataset related to the 1993eM/ Papua Guinea Earthquake; Meunier et al. (2008)
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The landslide dataset was realized by Meunier .e2808) from 30 m resolution SPOT images

(Figure 12). It include 4790 landslides, and mdshem are disrupted landslides.

The spatial distribution of the landslides area @&aalysed in relation to the different lithologies
present in the area (Figure 13), the relief rediasls(threshold of 500 m) (Figure 14), the mean

slope at which each landslide occurred (Figure i@y for epicentral and fault distance.
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Figure 13. Landslide size as function of the faultlistance, for each lithology, see appendix 1 for éhepicentral
distance.
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Figure 15. Landslide size as function of the faultlistance, for each slope class, see appendix 1 tbe epicentral
distance.

Most of the landslides are in fine clastic and gelasediments in a relief between 1500 and 2000
m, and with a slope gradient ranging between 20 40fd both for the relief and for the slope

gradient, there is a maximum increase of numbdarafslides and size for the intermediate classes.
In terms of landslide size, it seems that Limesteneharacterized by smaller bounds with respect
the others, and in particular with respect to Lawa Pyroclastic. This could be also due to the
relative small number of landslides, thus making #tatistic not representative. Regarding the
relief, it is possible to see a slight increasethsd size with class 2500 m, although the larger

landslides are in class 2000 m.
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4.2 Northridge Earthquake, 1994

On 17 January 1994 an earthquake occurred in thé&=&aando Valley in southern California with
a magnitude of 6.7 (http://earthquake.usgs.govfje Epicenter was located in urban area of
Northridge. The depth was estimated around 18 Km.

The shaking heavily damaged communities throughtmaitSan Fernando Valley and Simi Valley,
and their surrounding mountains north and west @ Angeles, causing estimated losses of 20
billion dollars. Sixty people died, more than 9,0@8@re injured, and more than 20,000 were
displaced from their homes by the effects of thakgu Although moderate in size, the earthquake
had immense impact on people and structures bedauses centered directly beneath a heavily
populated and built-up urban region. Thousandsudélings were significantly damaged, and more
than 1,600 were later “red-tagged” as unsafe terer@®ther 7,300 buildings were restricted to
limited entry (“yellow-tagged”), and many thousamafsother structures incurred at least minor
damage. The 10-20 seconds of strong shaking cellagmiildings, brought down freeway
interchanges, and ruptured gas lines that expladedfires. Yeats et al (1995) proposed that the
earthquake happened on a continuation of the OdgeRfiault system, which reaches the surface in
the Ventura basin to the west. This blind thrusitfés known either as the Pico Thrust, named
often the Pico Anticline or as the Northridge Thru3uring the event a peak ground acceleration
ranging between 0.02 and 0.74 g was registeredi@ify6). By analysing the distribution of the
PGA in relation to the distance from the sourceadFagure 17), there is a trend between the PGA

and the epicentral distance, however this tremesis clear in the case of the fault distance.

¥ Epicenter

Figure 16. Peak Ground Acceleration (g) of the 199¥orthridge Earthquake. ShakeMap model produced by the
U.S. Geological Survey Earthquake Hazards ProgramWald et al, 2006)

27



08 08

06 —_— it

[

PGA (g)
PGA (g9)

0.2 b ————— 42—t

- 024 .- w m—— — o m————n RN, i

00

T T T T T T
0 20000 40000 60000 0 10000 20000 30000 40000 50000
Epicentral Distance (m) Fault Distance (m)

Figure 17. Graphs showing the distribution of the BBA (g) in relation to the epicentral and the faultdistance

(m).

4.2.1 Digital Elevation Model

The ASTER Global Digital Elevation Model (ASTER GBI is a joint product developed and
made available to the public by the Ministry of Bomy, Trade, and Industry (METI) of Japan and
the United States National Aeronautics and SpacaiAdtration (NASA). It is generated from
data collected from the Advanced Spaceborne Thefmaission and Reflection Radiometer
(ASTER), a spaceborne earth observing optical unstnt. The ASTER GDEM is the only DEM
that covers the entire land surface of the Earthigtt resolution. The ASTER GDEM covers land
surfaces between 83°N and 83°S and is composed,60@ 1°-by-1° tiles. The ASTER GDEM is
in GeoTIFF format with wgs84 geographic lat/longbnates and a 1 arc-second (30 m) grid of
elevation postings. Two maps were realized frora BiEM: the slope gradient map (Figure 18) and

the relief map (Figure 19), with a radius 1km akchFsee 1993 Papua New Guinea earthquake for
mor e details).

* Epicenter

= Qak Ridge fault

Figure 18. Slope gradient map of the ASTER GDEM.
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Figure 19. Relief map of the ASTER GDEM with a radus of 1 Km (a) and 5 Km (b).

4.2.2 Geological Setting

The Simi Valley, San Fernando Valley and adjaceatimtains are part of the Transverse Ranges
physiographic province that is composed of parakelst-west trending mountain ranges and
sediment-filled valleys. The Simi Valley containttack section of clastic sedimentary rocks and
volcanic rocks (Squires, 1998). To the north iflamked by the Big Mountain area and to the
southwestern by the Santa Susana Mountains (F2@eThe San Fernando Valley is broadly
elliptical, about 30 km long on its east-west aaisl 16 km wide. It is bounded to the northeast by
the Verdugo Mountains and to the west by San Gabtaintains, to the northwest by the Simi
Hills and the Santa Susana Mountains, and to th#ndxy the Santa Monica Mountains (Figure 20).
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Figure 20. Geological Map of the area affected byhe 1994 Northridge Earthquake. (Jennings et al., 1).

fault

The mountains have an east-west trend, which isis@mt with being part of the Transverse
Ranges. The ranges are actively deforming by fgl@ind thrust-faulting in response to the north-
south-directed compression that is occurring actessbig bend” region of the San Andreas Fault.
The San Fernando Valley is underlain by a thidkofilalluvium.

This alluvium is underlain by thousands of metersadiments, mostly of marine origin, which
were deposited upon granitic and metamorphic baseroeks. The Transverse Ranges result from
Pliocene-Pleistocene compression associated wattoplening of the Gulf of California (Crowell,
1975; Anderson, 1971). Hadley and Kanamori (19759aVered that the Transverse Ranges lack a
crustal root and are underlain by an anomalous s&bmic velocity structure in the mantle. The
Conejo Volcanics (Taliaferro and others, 1924) odouhe Santa Monica Mountains, Conejo Hills
(Shelton, 1954), and on Anacapa Island (Scholl,01L98hese rocks consist of a sequence of
volcanic breccia, tuff breccia, pillow lavas, an@ssive flows, which are intruded by dikes, and
sills. Andesitic and basaltic rocks predominatéhalgh dacitic to rhyolitic compositions occur,
generally toward the top of the section. Submatansubaerial origin for the volcanics suggests an

emerging submarine volcanic structure in the Cohtlls area (Williams, 1977).
4.2.3 Analysis

The relationships between the lithology relief, bgeound acceleration, epicentral distance and the

fault distance are analysed.
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The lithologies identified in the area were group@d eight classes, based on the Geologic map of
California at a scale 1:750,000 (Jennings et 8lZ7). (see Table 1).

Table 2. Lithologies reclassified for the analysis.

# Lithologies
1| Alluvium
2 | Argilliti and Mudstone
3| Conglomerate
4 | Gneiss
5| Mica schist
6 | Plutonic Rock
7 | Sandstone
8| Volcanic Rock
| Relief 1km
1400 +
} Relief 5Km
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g 800 -
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Figure 21. Graphs showing the relationships of thdithology with: a) Relief (m); b) PGA (g); c) Epicentral

Distance (m); d) Fault Distance (m).

About the value of PGA registered in each lithodsgithe Sandstone (#7, Table 1, Figure 21b)
covers all the range of values, but this is relatkst to the fact that this lithology is presentlkht
distances from the epicenter and fault (Figured®1d,he Volcanic Rocks (#8, Table 1, Figure 21b)
experienced the lower values, in mean, of PGA edtaied to the position with respect to the fault
(Figure 21,d). The same explanation can be madinéoConglomerates and Mica Schist (#3 and 5,
Table 1, Figure 21b,c,d).
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4.2.4 Landslide Dataset

7 Landslides

*  Epicenter

Oak Ridge fault

Figure 22. Landslide dataset for the 1994 Northridg Earthquake (Harp et al, 1995)

The 17 January 1994 Northridge earthquake triggerece than 11,000 landslides over an area of
about 10,000 km? (Harp et al, 1995) (Figure 22).sMof the landslides were concentrated in a
1,000 km? area that includes the Santa Susana Bliosnand the mountains north of the Santa
Clara River valley. The landslides were mappedhim field and from aerial photography (scale
1:60,000) provided by the U.S. Air Force and takem morning of the earthquake. Most of the
triggered landslides were shallow (1-5 m), highigrdpted falls and slides in weakly cemented
Tertiary to Pleistocene clastic sediment. Averaghiwmes of these types of landslides were less
than 1,000 m3, but many had volumes exceeding 000n@. Many of the larger disrupted slides
traveled more than 50 m, and a few moved as f&08sm from the bases of steep parent slopes.
Deeper ( >5 m) rotational slumps and block slideamibered in the hundreds, a few of which
exceeded 100,000 m3 in volume. The largest trighknmedslide was a block slide having a volume
of 8-16 ma.

The realization of the dataset showed some probfenthe authors, Where the slopes were sunlit
landslides as small as 1-2 m across were visibdidewhere the slopes were shaded, slides about
5-10 m across are the smallest that could be mafjesl means that the inventory is not complete.
However, the field activity indicate that southifag slopes in most of the landslide area generally
are steeper and produced far more landslides tbaih-facing slopes. Therefore, landslides on
north-facing slopes that are not visible on thetpbdecause of shadows probably account for only
a small proportion of the total landslides. Thehaus estimate that no more than about 20% of the
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landslides that exceeded 5 m in maximum dimensierewnissed, and no more than 50% of those
smaller than 5 m. However, they estimate that ntbaem 90% of the area covered by triggered
landslides were mapped, because most of the laleddhat are not visible on the photos are small.
The spatial distribution of the landslides size wagalysed in relation to the different lithologies
present in the area (Figure 23), the relief rediasis(classes of 500 m) (Figure 24), the meaneslop
at which each landslide occurred (Figure 25), lier épicentral distance. Most of the landslide were
triggered in Sandstone, In this lithology is poksito see a decrease of the landslide size with the
fault distance. Over the Sandstone only two litgglgroups (Plutonic rocks, and Argillite and
mudstone group) show landslide with a size aboy@ant. Most of the landslides were triggered
in a relief class of 1000 m, and also here a dsereé the landslide size with the sizes is visible
(both for large and small events), The slope gradi® not show significant variation in landslide

size, under 40° class. For the 20° and 30° | sliglttease in landslide size is visible.
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Figure 23. Landslide size as function of the faultlistance, for each lithology, see appendix 1 for éhepicentral
distance.
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4.3 Niigata-Chuetsu Earthquake, 2004

On October 23, 2004, an earthquakes (Mw 6.6) ldcagar the western coast of northern Honshu
Island struck parts of northern Japan, especiaiigath Prefecture, about 250 km north of Tokyo.
The epicenter of the main shock was located at337, 138.753°E at a depth of 16 km, and many
aftershocks occurred (http://earthquake.usgs.gdtdst active faults in the area affected by the
earthquakes are reverse faults that dip to NW @ebkeGroup for Active Faults, 1980). Despite the
shallow activity of the present earthquakes, navadault has been recognized in the aftershock
area. Analysis of the aftershock distribution aeddgtic modeling by several investigators resulted
in slightly different explanations for the faultpture location (Geographical Survey Institute of
Japan (GSI) 2004; National Research Institute othE&cience and Disaster Prevention (NIED)
2004a; Earthquake Research Institute, The Uniyeo$iTokyo 2004). The earthquake occurred on
a blind-thrust fault. The area on the hanging-vishdick directly above the fault rupture is steep
terrain that produced most of the landslides. Balyic it can be interpreted that the focal
mechanism of those major earthquakes shows almwst rpverse faulting dipping NW/SE. This
area is tectonically very active with many foldslactive faults trending NNE/SSW. The Islands of
Japan lie on a ring of seismically active platermtaries that surround the Pacific Ocean known as
the Ring of Fire. Earthquakes throughout Japarcamsed by the relative motion of several major
and minor tectonic plates including the Pacifict@lahe Philippine Sea plate, the Okhotsk plate,
and the Amur plate. Annual precipitation rangesfrabout 136 mm to 255 mm. However, seasonal
antecedent rainfall from July 1, 2004, through ®eta23, 2004, totaled 1055 mm in Nagaoka City,
as compared to a mean value of 1106 mm for thaitycof the earthquake-impacted areas. Thus,
the total rainfall for the four months prior to tearthquakes was four to five times the annual
average for the area. Three months before thecsaikie event in the Chuetsu area, heavy rainfall
of as much as 400 mm in 24 h triggered more th&® 1éndslides in the study area (Yamagishi et
al. 2005); some of these landslides were reactivajethe earthquakes. The earthquakes occurred
only a few days after Typhoon Tokage; the strongksig of rain-soaked hillsides triggered
numerous mudslides and debris flows. The earthqped@uced very high levels of ground motion
in the epicentral area, including two sites thabrded peak horizontal ground accelerations of 1.3—
1.8 g and several other sites that recorded aatigles greater than 0.3 g. A Japan Meteorological
Agency (JMA) strong-motion station was in Yamakoskhich is in the center of the landslide
region. This station recorded peak horizontal gdbaocelerations of 0.55 g (NS) and 0.74 g (EW)
and a peak vertical acceleration of 1.08 g. Thek&Wap model produced by the U.S. Geological
Survey Earthquake Hazards Program (Wald et al, 2306this earthquake shows a peak ground

acceleration ranging from 0.02 to 0.62 g (Figurg 16
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Figure 26. Peak ground acceleration (g) related tthe 2004 Niigata Earthquake. ShakeMap model produckby

the U.S. Geological Survey Earthquake Hazards Progm (Wald et al, 2006).
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. Graphs showing the distribution of the BA (g) in relation to the epicentral and the faultdistance

The spatial distribution of the peak ground aceien in the area do not show a clear trend with

the distance from the epiceter. While the PGA valdecrease with the fault distance (Figure 27).

4.3.1 Digital Elevation Model

The ASTER GDEM is used as a GeoTIFF format with&Iggeographic lat/long coordinates and a
1 arc-second (30 m) grid of elevation postings. Taaps were realized from this DEM: the slope
gradient map (Figure 28) and the relief map (Fig2®g See 1993 Papua New Guinea and 1994

Northridge Earthquakes for more details).
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Figure 30. Digital geological map of Japan at a sta1:200,000 realized by the Geological Survey oégan (2012).
Black line indicate the fault at the origin of the2004 earthquake.

Most of the areas affected by the earthquakes raderlain by Neogene-Quaternary sedimentary
units (Figure 30), which consist of a sequence lafystone and siltstone that is relatively

nondurable, with interbeded sandstone and minogloamerate, partly associated with a minor
amount of volcanic rocks (Geological Survey ofalaf982). These rocks are typically poorly or
moderately indurated, and are structurally defornbgdpervasive folding and local faulting.

Prehistoric landslide deposits are widespread tlamasands of landslides have occurred historically
in and around this area (NIED 2004b), charactegiziee geomorphic features. A terrace is well
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developed, and its deposits of gravel, sand and coudred with a weathered volcanic ash layer,
are located at three levels, some of which arebetéed with slope deposits (Yanagisawa et al.
1986). In addition, the geomorphological settinghef area has resulted from a general conformity
between structural and lithological elements andpimology. To some extent, step cultivation of
paddy fields and fish ponds for carp feeding, hals® formed the landscape of this area, and
increased the risk of slope failures due to theltiafion of surface water into soil or rock.
Topography in the study area ranges from hilly tountainous in the Higashiyama Hills (Figure
30), located in the southwestern part of the Néagatastal plain along the Japan Sea. Elevations
range from 25 m asl to 780 m asl.

4.3.3 Analysis

The relationships of the lithology with the reliie PGA (g), the epicentral distance and the fault
distance have been analyzed. The lithologies ifiedtin the area were grouped in five groups,
starting from the digital geological map of Japaraacale 1:200,000 realized by the Geological
Survey of Japan (2012). (see Table 1). The deafmitof the lithological classes were already
available in the 1:200,000 Digital geological mdpJapan (Figure 30), some sedimentary rocks

have been classified on the basis of the age.

Table 3. Simplified geology of lwate—Miyagi NairikuEarthquake.

# Lithology Group Name
1| Limestone Limestone
2 | Sedimentary deposits and rocks Quaternary
3| Sandstone Sandstone
4| Sedimentary rocks Tertiary
5| Volcanic Rock Volcanic Rock
| Relief 1Km
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Figure 31. Graphs showing the relationships of thdithology with: a) Relief (m); b) PGA (g); c) Epicentral

Distance (m).

The relief increase with the range from 1 to 5 langd change between the different lithologies
(Figure 31l1a). In particular the Volcanic rocks show mean, the higher values, while the
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Limestone the lower. Limestone (#1, Figure 31b)egigmced the lower values of PGA, probably
related to the position (far) from the seismic seyland to the little distance at which this lithgp}

is present. The others lithologies covered the nooress all the distances and registered both low
and high values of PGA (Figure 31b).

4.3.4 Landslide Dataset

Figure 32. Landslide dataset developed by Yagi et.42007).

The Chuetsu earthquake triggered 10525 landslidemi(et al., 2007, Figure 32). Aerial
photographs and satellite photos taken after thihagqaake were interpreted to provide extensive
information on landslide locations, geometries.eypand characteristics. The landslides triggered
by the earthquake can be classified into six caitego(1) rock falls; (2) rock slides; (3) disrugte
soil slides; (4) debris flows; (5) soil block slgjeand (6) complex landslide (Cruden and Varnes
1996; Keefer 2000). The most widespread types wfidkdes induced by the earthquake were
highly disrupted, relatively shallow slides and|daiebris) flows. The disrupted shallow slides
consisted of regolith and highly weathered bedroc&terials on very steep slopes flanking
floodplains and along incised valleys and creeknokés. In several cases, debris flows traveled
long distances and blocked natural drainage courga®erating landslide dams. In some cases,

slope failures were obviously controlled by prestixig planes of weakness. Several of these large
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landslides blocked streams, forming landslide damnansitional soil slide are triggered by slope-
parallel failures involving colluvium, residual §cand highly weathered bedrock on steep slopes
55°, and represent most of the observed landsliligéisough these failures were typically only a
few meters deep, they covered extensive slope arehproduced great volumes of landslide debris
that filled valley bottoms and locally blocked flty@ains. The failure surfaces commonly
developed along the boundary with more intact a@ss Iweathered bedrock. Typically, all
vegetation was stripped off the surface, along withsoil cover.

Deep rotational failures slumps, with backward tiotaresulting from shear along a curved failure
surface, are typically associated with clay-riclissarhis failure mode is generally found only in
rock masses that are relatively soft and free aifknseams or joints, or in rocks so highly fissured
as to be effectively homogeneous. Rock types tnatgenerate slumps are typically clay-rich rocks
that have been softened by loosening and wettow masses in and adjacent to major fault zones,
and Tertiary sediments. Block slides occurred impgetent bedrock where adversely oriented
discontinuities in the rock mass existed. Slumpyfmomplexes within colluvium-filled swales and
in areas of deep regolith and highly weathereddigddrepresent another commonly observed mode
of failure. The largest block slide, which was l&zhin the Dainichisan Mountain 5 km far from the
epicenter, was reactivated from a pre-existingesiicass. As observed in the field investigatiors thi
landslide was a typical rotational soil slide odig slope, which failed along a bedding plane. The
maximum depth of the sliding surface was estimatetb m. The slump-flow complexes generally
occurred on moderately steep slopes and typicaty\rery long runout distances. The earthquake
triggered many debris flows that had significanhaut distances. Landslide dams were also
remarkable phenomena triggered by the ground moatiathe Chuetsu earthquaké/éng et al.,
2007) The spatial distribution of the landslides areaswvanalysed in relation to the different
lithologies present in the area (Figure 33), thiefreeclassified (threshold of 500 m,

Figure34), the mean slope at which each landslide occyfeglire 35), for the epicentral distance.
The high number of landslides occurred in Sandstamé Quaternary deposits. In particular,
Sandstone show a decrease of the landslides vettlistance from the source, while the Quaternary
deposit seem to have the same size of landslidastae distances. The relief in the affected asea
lower than 1000 m, with the high values near thensie source. Regarding the slope gradient, it
possible to see that for most of the classes ibaaalecrease of the landslide size with the distan

especially for large events. The high number ofi&ides occurred in the 20° and 30° classes.
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4.4 Wenchuan Earthquake, 2008

The May 12, 2008 Wenchuan earthquake (Mw 7.9) ¢ngd hundreds of thousands of landslides.
Its epicentre was located in the administrativeaegf Wenchuan County. The hypocenter is
located at 31.021°N and 103.367°E at a depth dm9The event occurred at a distance of 80 km
WNW of Chengdu, 145 km WSW of Mianyang, 50 km WNWGhongqging, 1545 km SW
of Beijing (http://earthquake.usgs.gov/).

The landslides triggered by the 2008 Wenchuan gaatke have received much attention due to the
size of the event and the resulting tragic losdifefand economic devastation. More than 45.5
million people were affected by the event. 69,1%®pge killed, 374,177 injured and 18,392
missing and presumed dead in the Chengdu-Lixiam@uean area. An estimated 5.36 million
buildings collapsed and more than 21 million buifgs were damaged in Sichuan and in parts of
Chongging, Gansu, Hubei, Shaanxi and Yunnan. Thd &xonomic loss was estimated at 86
billion US dollars. Beichuan, Dujiangyan, Wuolongda Yingxiu were almost completely
destroyed. Landslides and rockfalls damaged oralesd several mountain roads and railways and
buried buildings in the Beichuan-Wenchuan areajngubff access to the region for several days.
Landslides also dammed several rivers, creatinppa8dier lakes which threatened about 700,000
people downstream. A train was buried by a landstidar Longnan, Gansu. At least 2,473 dams
sustained some damage and more than 53,000 knad$ @nd 48,000 km of tap water pipelines
were damaged. About 1.5 km of surface faulting alaserved near Qingchuan, surface cracks and
fractures occurred on three mountains in the ameé subsidence and street cracks were observed in
the city itself (http://earthquake.usgs.gov/).

The earthquake, occurred in the Longmenshan mouraaige, is the result of motion on a thrust
fault on the northwestern margin of the SichuaniiBathe earthquake reflects tectonic stresses
resulting from the convergence of crustal materialing from the high Tibetan Plateau against the
crust below the southeastern China.

On a continental scale, the seismicity of centrnadl @astern Asia is a result of northward
convergence of the India plate against the Eurplsiee. The moving has a velocity of about 50
mm/y. The convergence of the two plates is broadlgommodated by the uplift of the Asian
highlands and by the motion of crustal materialh® east away from the uplifted Tibetan Plateau.
Eleven earthquakes with a magnitude higher tharw/7adcurred in the Sichuan area in the last 200
years.

During the event a peak ground acceleration rangetgeen 59 and 1275 crh(6.06 and 1.3 g),
was registered (Figure 16). Analysing the distiitrutof the PGA in relation to the distance from
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the source area (Figure 37), there is a clear tbeteen the PGA and the fault distance, however

this trend is not so clear in the case of the epraédistance.

Peak Ground Acceleration
PGA (cmis’)
59-118

Figure 36. Peak ground acceleration (cmfs related to the 2008 Wenchuan Earthquake. ShakeMapnodel
produced by the U.S. Geological Survey Earthquake &rards Program (Wald et al, 2006).
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4.4.1 Digital Elevation Model

The ASTER Global Digital Elevation Model (ASTER GBI is used for this earthquake as a
GeoTIFF format with wgs84 geographic lat/long caoates and a 1 arc-second (30 m) grid of
elevation postings. Two maps were realized frora BiEM: the slope gradient map (Figure 38) and
the relief map (Figure 39)S¢e 1993 Papua New Guinea and 1994 Northridge Earthquakes for
mor e details).

Figure 38. Slope gradient map of the ASTER GDEM.
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Figure 39. Relief map of the ASTER GDEM with a radiis of 1 Km and 5 Km.
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4.4.2 Geological setting

The Cenozoic deformation of the Longmen Shan, dioly the active faulting related to the
Wenchuan earthquake, is superimposed on a preexigtesozoic orogen. This older deformation
provides the starting geometry for later Cenozefodnation (see Burchfiel et al., 1995). Mesozoic
deformation in the Longmen Shan took place in Jaiassic and Jurassic time, when two distinct
structural sequences were deformed and juxtapogetirbst faulting. The autochthonous lower
sequence consists mainly of late Precambrian bageimmeks overlain by an incomplete section of
latest Proterozoic to Middle Triassic shallow-watedimentary rocks and Upper Triassic—Jurassic
clastic rocks that appear to be foredeep basingspand grade eastward into finer-grained strata
in the Sichuan Basin. The eastern part of the umbperctural sequence has a Precambrian
crystalline basement overlain by a thick succeseidatest Proterozoic to Lower Triassic shallow-
water, highly metamorphosed sedimentary rocks. wéstern part of the upper sequence consists
of up to 10 km of Middle to Upper Triassic flysahich extends across a broad area of eastern
Tibet as the Songpan Garze flysch. This upper tstraicsequence was imbricated and emplaced
eastward over the lower structural sequence in Latessic to Middle Jurassic time. Transitional
units between the two structural sequences are@gneot found. Thrust sheets override the older
foredeep deposits, and thrust contacts are saal@ddces by Middle Jurassic strata, constrainieg th
end of thrusting to the pre—Middle Jurassic. Theedeep deposits continue into the Late
Cretaceous, but large post—Middle Jurassic, prge®éne structures have not been identified. The
Mesozoic thrust complex and its underlying autboht were refolded and thrust eastward in
Cenozoic time. Cenozoic folding of the Precambhasement is well expressed in the Baoshan and
Pengguan massifs ( Figure 40; Figure 41). Alongsinethwestern margin of the Sichuan Basin,
Eocene and probable Oligocene red beds are defdosnadrtheast-trending folds and thrust faults
that merge northward into the Longmen Shan. Thesksrconstrain the Cenozoic deformation in
this area to have been initiated in the late ort-p@&figocene. Uncommon, presumed Neogene,
conglomerates in the Longmen Shan are less foldad the underlying Early Cenozoic rocks.
Cenozoic thrust faults in the Longmen Shan do meeHarge displacements; folded strata can be
matched across the faults. At the north end oPiegguan massif, the plunging fold that involves
basement also folds the overlying Mesozoic throstglex, and at the north end of both basement
massifs, sedimentary rocks on the west side ofntlassifs have a gentle west dip where the
basement plunges beneath them. The large scale@erstructure of the Longmen Shan appears
to be similar to that of a fault propagation folét has been strongly modified by faults. External
structures of the Longmen Shan merge with thos¢hefwestern Sichuan Basin. Folds in the
Sichuan Basin are underlain by a décollement tbatimues to the west beneath the folds of the
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eastern Longmen Shan. This décollement must ram dito the basement east of the Pengguan
and Baoshan massifs. Some thrust faults alongastem front of the Longmen Shan may also root
into the basement, but correlation of sedimentargta across these thrust faults suggests small
displacements. Northwest of Chengdu, most of theo@eic shortening appears to be concentrated
in the folded structure of the Pengguan massifthid latitude, only one fold (the Longchuan
anticline) is present in the Sichuan Basin, indicabnly a few kilometers of displacement on the
décollement beneath the basin. Here, Cenozoicrigldiong the eastern front of the Longmen Shan
also does not require much shortening. North oflLitbegchuan anticline, the Mesozoic foredeep
deposits are more uniformly inclined, dipping 190°R and flattening eastward to merge with
strata in the Sichuan Basin. This suggests thaaiagle zone (a type of blind thrust fault) may be
present at depth beneath the range front. SoutthefPengguan massif, folding in the basin
becomes more widely distributed; thrust faults @ppear to the west within the Sichuan Basin and
along the eastern flank of the Longmen Shan ( Eig®), indicating increased displacement on the
décollement. South of the Sichuan Basin, the sirastare more complex and involve crystalline
basement. A series of steeply dipping faults, som&hich are active, parallel the Longmen Shan
margin and cut or otherwise interact with the CemoZold-and-thrust structure. The contact of
Paleozoic and Mesozoic rocks with the Precambraseiment along the east side of the Pengguan
massif is a steep-to-vertical fault or faults. Hane contact is depositional on the east sideeof th
Baoshan massif and the northeast side of the Panggassif. To the north, these faults offset the
thrusts of the Mesozoic thrust complex by <1 kndjgating little displacement on this steep fault
system. The fault system continues northeast f@0>in as the Beichuan fault, a likely candidate
for rupture during the 12 May Wenchuan earthqudke. west sides of the Baoshan and Pengguan
massifs are truncated by steep, west-dipping nofendts that have a right-slip component and
merge with the eastern boundary faults at the sontlend of the Pengguan massif. The fault
system is exposed almost directly above the epceaf the Wenchuan earthquake as the
Wenchuan-Maowen fault; however, this fault’'s looati sense of shear, and surface dip are not
compatible with the focal mechanism for the initapture. The magnitude of Cenozoic shortening
across the Longmen Shan is variable but small, giolgbon the order of tens of kilometers. In
eastern Tibet, few Cenozoic shortening structuresobserved in the field, except in the Min Shan
range to the north. The geometry of the Cenozoartshing structures in the Longmen Shan is
such that only some of the dip-slip displacementieep faults may reach the surface, while the rest
may be absorbed by folding within the overlyingdesyand in the Sichuan Basin.
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Figure 40. General tectonic map of the Longmen Sha
region. AF-Anninghe fault; BF-Beichuan fault; HF-Huya
fault; QF-Qingchuan fault; SF-Shimian fault; WMF-

Wenchuan-Maowen fault; XFXianshuihe fault; XSF-
Xue Shan Fault; BSMBaoshan massif; PN\-Pengguan
massif; XSP-XueShan plateau (pattern/dashed outline)
DA-Danba antiform; EA-Emei anticline; LQA-
Longquan anticline; XPA-Xiong Po anticline. Re«-major

Cenozoic faults; purpleUpper Triassic—Lower Jurassic
thrusts; blue-Cenozoic folds. On Cenozoic faults: bart-
thrust faults; ticked lines-normal faults; arrows-strike-
slip. Cross sections and location of map iFigure 41 also
indicated. (der Hilst, 2008).

Figure 41.Cross sections of the Longmen Shan and adjacent aelocations in Figure 40. Pc-Precambrian; Z-

latest Proterozoic (Sinian); PzPaleozoc; T-Triassic; J-Jurassic; K-Cretaceous; EEocene; red lines are Cenozoi

faults; purple lines are Mesozoic faults. Large, blol O on section B is approximate hypocenter locain of the 12

May 2008 earthquake, with an uncertainty in depth 6+ 5 km. (der Hilst, 2008).
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4.4.3 Analysis
The relationships between the lithology reliefapground acceleration, epicentral distance and the
fault distance were analysed. For reasons relatéuetcomplexity of the geology in the area and to

allow the analysis, the lithologies identified iretarea were grouped in ten classes (see Table 4).

Table 4. Lithologies reclassified for the analysisThe group name derived from the geological map oa scale of
1:200,000 from China Geological Survey.

# Lithology Group Name

1 | Sandstone and Siltstone 1q; Z
2 | Granitic Rocks 20

3 [ Limestone and Phyllite C-P; C2;|O
4 | Limestone and Sandstone D1
5 [ Phyllite and Limestone D2; S1; §2
6 | Conglomerates and Sandstone K-N; J| T2
7 | Quartz and Feldspathic Sandstpne Pz1

8 [ Schist and Andesite P42
9 [ Quaternary Deposits

10| Limestone T1; P1; P2;d1
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Figure 42. Graphs showing the relationships of thdithology with: a) Relief (m); b) PGA (g); c) Epicentral
Distance (m); d) Fault Distance (m).

It is possible to see that in the case of the Weacharea there is not a different variation of the
trend between the two range analysed for the @iffielithologies (Fig. 6a).

Regarding the value of PGA registered in each lathes, the Phyllite and Limestone (#5, Table 4,
Figure 42b) cover all the range of values, but thiselated also to the fact that this lithology is
present at all distance from the epicentre andt fékip. 6c¢,d). The Quartz and Feldspathic
Sandstone (#7, Table 4, Figure 42b) experiencedothesalue, in mean, of PGA and also in this
case it is related to the position with respecthe epicenter and the fault (Fig. 6c,d). These
lithologies are far from the seismic source. Th@esaeasoning can be made for the Limestone and
Phyllite (#3, Table 4, Figure 42b,c,d).
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4.4.4 Landslide Dataset

Landslides (Xu et al., 2013)
* Epicenter
Co-seismic surface ruptures (Xu et al., 2013)

¢ Chengdu

Figure 43. Landslides Dataset from Xu et al., 2014.

The analysis was performed in the Sichuan area, @eengdu, on a dataset of 19,7481 landslides
with a total area of 1,160 KnfXu et al. 2014, Figure 43). The study area cowgsroximately
88,346 km. Because of the large area throughout which thexdMean earthquake triggered
landslides, in the dataset realized by Xu et 14, the location and boundary of each landslide
was delineated by computer screen-based visuatpmetation of high-resolution color aerial
photographs and satellite remote sensing image$, same landslides were verified by field
checking. Due to the high resolution of the trudocaerial photographs and satellite remote
sensing images, almost all the Wenchuan earthquigkgered landslides, including the small slope
failures, were detected. A spatial distribution maipthe earthquake-triggered landslides was
prepared in a GIS platform by the authors. Theystrooted also two types of landslide point
inventories, including landslide centroid pointsigar to Dai et al. (2011) and landslide top points
similar to Qi et al. (2010) and Gorum et al. (2011)
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The inventory contains rock avalanches, rockfalmslational and rotational slides, lateral spsead
and debris flows.
The size of the landslides was analysed in relatothe different lithologies of the area (Figure

44), the mean slope at which each landslide ocdufaure 45), the relief reclassified (threshold
of 500 m, Figure 46), epicentral distance and fdigiiance.
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Figure 44. Landslides area distribution for each thologies, for the fault distance, see appendix loff the
epicentral distance.
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epicentral distance.
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Figure 46. Landslides area distribution for each theshold of relief, for the fault distance, see appalix 1 for the

epicentral distance.
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The Wenchuan earthquake is characterized by ahighynumber of triggered landslides, as it is

possible to see by the different figures. The déife lithologies show a decrease of the large size
and an increase of the small size with the distanité a settling around 30,000°nAn exception

is the Quartz and Feldspathic Sandstone grouphtigg the same size distribution at all distances
(PZ1, Figure 44). Also the Quaternary deposits shoslight decrease, but in this case a possible
relation could be found with the low number of laldes respect the others lithologies (Q, Figure

44). Regarding the slope gradient, the landslidesiwed in prevalence in the 30°, 40°, and 50°

classes. All the slope classes show a decreadeedandslide size with the distance, but also a
decrease in the number of small landslides. Alsorgiief have a decrease of the landslides size
with the distance, and an increase of the smalter s it is possible to see, the landslides aeclr

at a high relief classis (above 4,000 m) are cloghe seismic source.
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4.5 Iwate-Miyagi Nairiku Earthquake, 2008

The Iwate-Miyagi Nairiku Earthquake (Mw 6.9) occedlron 14th June 2008. The hypocenter was
located at 39.122°N, 140.678°E and 10 km in depth U.S. Geological Survey
(http://earthquake.usgs.gov/). The reverse faulhatorigin of the earthquake is unknown, Suzuki
et al. (2010) defined the rupture process of th@82Rvate-Miyagi Nairiku earthquake by using
strong-motion data recorded at 14 near-sourceostatbased on the multi-time-window linear
waveform inversion method. The earthquake affeatredrea greater than 600 kaiong the lower
flank of Mt. Kurikoma, one of the Quaternary voloas allocated along the range. Many tourism
facilities located on mountainous terrain were g&d. Moreover, casualties due to the earthquake
amount 23 fatalities and missing and more thanidp®ed (Yagi et al., 2009). These losses were
mostly induced by landsliding throughout the regidie most tragic disaster resulted in the
destruction of a hotel and seven victims was calisethe shallow debris slide that occurred just
below Mt. Higashi-Kurikoma (Eastern Kurikoma Volecgnand the subsequent debris flow that
flushed down along the Dozosawa River, the uppermamsrse of Sanhazama River. According to
he ShakeMap model produced by the U.S. Geologigaley Earthquake Hazards Program (Wald
et al, 2006), peak ground acceleration in the stea was in a range between 0.02 and 0.38 g
(Figure 16). Considering the distribution of theA°(g) values in relation to the epicentral distance

it is possible to observe a decrease of the PGA the distance (Figure 48).

Fite
-~

GA (g)

produced by the U.S. Geological Survey Earthquake &zards Program (Wald et al, 2006).
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Figure 48. Graphs showing the distribution of the EBA (g) in relation to the epicentral distance (m).

4.5.1 Digital Elevation Model

For this case study two Digital Elevation Model eevailable: One with a cell size of 10X10 m
and the ASTER GDEM with a cell size of 30X30 Bed 1994 Northridge Earthquake for more
details). For the DEM with a 10 m resolution the slopedggat map (Figure 49) and the relief map
(Figure 50) were generatefie¢ 1993 Papua New Guinea Earthquake for more details). The choice
of this DEM for the analysis is related to the l@ghesolution with respect to the ASTER GDEM.
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Figure 49. Slope gradient map of the area affectdaly the earthquake.
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Figure 50. Relief map at 1Km (a) and at 5Km (b).

4.5.2 Geological setting

Geology

- accretionary complex, unknown age

- pultonic rock, Early Cretaceous

[ puttonic rock, Late Eocene to Early Oligocene
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Figure 51. Digital geological map of Japan at a st&1:200,000 realized by the Geological Survey oagan (2012).
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The earthquake occurred in a region of convergdmteeen the Pacific Plate and the Okhotsk
section of the North American Plate in northernalgpwvhere the Pacific plate is moving west-
northwest with respect to North America at a raté approximately 8.3 cm/yr
(http://earthquake.usgs.gov/). The geological stmecof Northeastern Japan is characterized by the
Miocene back arc rift systems of NS-NNW trend #rat filled with Cenozoic successions exceed 5
km in thickness. The study area is located in thetezn fringe of the rift. Normal faulting that
formed the rift turned into reverse faulting arout@l Ma. Subsequently, the Ou Backbone Range
started to uplift, and clusters of large calderagetbped after 8 Ma (Sato 1994; Yoshida 2001).
Southern part of the study area is located upenottl caldera filled with Pleistocene tuffaceous
lacustrine sediments and Quaternary pyroclastitd@t al. 2009) (Figure 51). Topography of the
study area is featured by Quaternary volcanoes,KMdtikoma (Figure 51), and the hilly terrain
distributed in its eastern and southern outskinet ttonsist of pyroclastic flow or mud flow.
Summit level of the hilly area ranges from 400 @®6n, and it is incised by the streams which
form deep gorges in the southern part of the staudg. Interpretation of aerial photographs before
the event clarifies that old dormant landslidesfdseated slide type) are widely distributed in the
hilly outskirt of Mt. Kurikoma volcano, disruptintipe continuity of pyroclastic flow surfaces. The
hypocenter of the earthquake indicates shallowsthmg motion in the upper (Okhotsk) plate, above
the subducting Pacific plate, which lies at appmagely 80 km depth at this location
(http://earthquake.usgs.gov/). The earthquake oedum a region of upper-plate contraction,
probably within the complicated tectonics of the Backbone Range, known to have hosted
several large earthquakes in historic times (Héarthquake.usgs.gov/). The largest of these events
occurred in 1896, approximately 70 km north of Jn@e 13th event, and killed over 200 people in
the local area (http://earthquake.usgs.gov/).

4.5.3 Analysis

The relation between the lithology, relief, pealowgrd acceleration, epicentral distance were
analysed. The lithologies identified in the areaengrouped in five groups, starting from the dilgita
geological map of Japan at a scale 1:200,000 ezhlwy the Geological Survey of Japan (2012).
(see Table 5). The definition of the lithologicdhsses were already available in the 1:200,000
Digital geological map of Japan (Figure 51).
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Table 5. Simplified geology of lwate—Miyagi NairikuEarthquake.

Lithology Group Name
Plutonic rock Plutonic rock

#

1

2| Pyroclastic roc Pyroclastic roc
3| Sedimentary rocks and deposits Quaternary
4
5

Sandstone Sandstone
Volcanic rock Volcanic rock
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Figure 52. Graphs showing the relationships of thdithology with: a) Relief (m); b) PGA (g); c) Epicentral
Distance (m).

While the relief identified with 5 km range showe tsame values between the lithologies, there is a
change between the different lithologies with 1 kange (Figure 52a). This indicate that for this
earthquake the 5 km range is too large, and it adm#sallow an actual representation of this
parameter in the affected area. There is a clelatiorship between the value of PGA (g)
experienced by each lithology and the relative tpmsirespect the epicenter of the Iwate-Miyagi
Nairiku Earthquake, considering that the epicergdocated in the area with the high values of
PGA. Quaternary deposits, Sandstone, and Volcasiksr show high values than the others,

because they are close, in mean, to the seismices@igure 52b and c).
4.5.4 Landslide Dataset

The inventory of the landslides triggered by theatlevMiyagi Nairiku Earthquake in 2008 was
carried out by interpreting aerial photographs df0J000 scale that were taken soon after the
earthquake (Yagi et al., 2009; Figure 53). Olderdfdides were mapped by interpreting aerial
photographs taken in 1977 of 1:20,000 scale (Yagale 2009) in order to recognize these
effectively triggered by 2008 Iwate—Miyagi Nairilgarthquake.

A total number of 3502 landslides triggered by ¢hethquake were detected in the study area. Most
of the landslides are densely distributed alonguiy@ermost courses of the Ichihazama, Nihazama,
and Iwai Rivers. The earthquake-induced landslatesclassified (Yagi et al., 2009) into five types
following the classification proposed by Varnes 18P deep-seated slide, debris slide, shallow

debris slide, secondary shallow debris slide, aefutid flow.
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Landslides

___ Epicenter

Mt. Kurikoma

Figure 53. Landslides dataset related to the 2008vate-Miyagi Nairiku Earthquake (Yagi et al., 2009).

However, these classes were partially modifiedheyauthors. Deep-seated slide includes rotational
and translational slides of Varnes (1978). Defimitof debris slide is same as that of Varnes (1978)
Shallow debris slide is a type in which thin suganaterials slide down and are scattered towards
the lower slope. Secondary shallow debris slidéetected as a subsequent partial movement from
the toe part of a deep-seated slide body. The deafed slide in scale of a few hectares are
distributed along the gorges in the eastern antheou flank of Mt. Kurikoma. They are rotational
slides of “cap rock” type that occur along the si®pvhere hard-competent volcanic rocks or
welded tuff of the Quaternary age overlies sofompetent sediments of the Pliocene age. Large
slides were presumably caused by such a geologetiing. Some of them are reactivated
landslides, but more than half are primary onegrélis a giant landside of 70 million cubic meters
in volume called Aratozawa landslide (Figure 54).

A deep and long depression develops parallel tostregght main scarp due to separation, and
original surface of the slided mass remained itespi long travel. It implies that the slide sudac

is flat and gentle along the geological contactha Quaternary sediments. Consequently, it is
classified as a translational slide. It is not anary landslide but a reactivated one of dormant
landslides, forming a secondary main scarp ontoiragoy moving body. Old deep-seated slides
which seem to be dormant because of their topogrdphtures are also detected. However, the
number of the reactivated slides of large scaleely rare in the eastern part of Mt. Kurikoma

except the case just adjacent to the Iwai River.
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Aratozawa landslide

L, S ﬂ BT

Figure 54. Aratozawa Landslide.

There are a few cases along the Sanahazama andaNihaRivers where toe parts are incised
deeply. Most of the landslides induced by the eprdélke are shallow debris slides and subsequent
debris flows. They are intensively distributed @@teep or almost vertical walls along river gorges
of 100—300 m deep. They are located in the uppédromsses of Ichihazama (Nuruyu area) and
lwai Rivers that deeply incise the Mt. Kurikomansasting of welded pyroclastic flow deposits and
lacustine sediments of the Pleistocene age. Ththgeemke caused a catastrophic change of
landscape in this area. Naked rock walls of browtorcand rugged surface of debris are densely
distributed along the valleys. Crowns of those Ismatebris slides are located just below breaks of
slopes, which fringes depositional surface of plasiics. However, the scale of shallow debris
slides in the northern side of Ilwai River just abdlie epicenter, where Tertiary pyroclastic flow
deposits underlie and denudated hilly terrain dega&l are smaller than that along the Ichihazama,
Nihazama, and Sanhazama Rivers, in the southdynanda. This implies that causative factors of
shallow debris slides due to the earthquake aribatiéd to gradient of slopes and depth of gorge.
Debris slides intensively occurred along steep svedinsisting of welded ignimbrites where deep
gorges incise the southern foot slopes of Mt. Kamk. The volume of debris slide is much larger
than that of shallow debris slides. Debris slidemsgly occur along Hiyashisawa River, the
uppermost course of Sanhazama River in Koei arasst Mf the flow-type landslides are debris
flow. Many traces of debris flow are recognizedngiahe river floors in Koei and Nuruyu areas in
the southern lower flank of Mt. Kurikoma Volcandthaugh they were transformed from debris

slides and shallow debris slides.
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The spatial distribution of the landslides area w&aalysed in relation to the different lithologies
present in the area (Figure 55), the relief rediasis(threshold of 500 m) (Figure 56), the mean
slope at which each landslide occurred (Figure for)the epicentral distance.
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Figure 55. Landslide size as function of the epicénal distance, for each lithology.
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Figure 56. Landslide size as function of the epicéml distance, for each relief class.
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Figure 57. Landslide size as function of the epicéml distance, for each slope class.
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Landslides in Quaternary deposits show a decrefifee size with the increase of the epicentral
distance (Figure 55). Instead the landslides indRia rocks have larger size far from the seismic
source. In the Volcanic rocks the landslide siznseto increase at the beginning, but after 10 Km,
it decrease with the distance. In these lithologies small landslides are present at all distances
from the epicenter. The relief in the affected asdaigher than 500 m, but lower than 1,500 m. The
landslide size distribution seems to not be affbtigthe relief. Most of the landslides occurre@in
slope gradient between the 20° and 40° classeslandslide size distribution is not affected by the

slope gradient. The same size is present in tierdift slope gradient classes.

73



4.6 Tohoku Earthquake, 2011

The magnitude 9.0 Tohoku earthquake on March 111 2@hich occurred near the northeast coast
of Honshu, Japan, resulted from thrust faultingaosmear the subduction zone plate boundary
between the Pacific and North America plates. At ldtitude of this earthquake, the Pacific plate
moves approximately westwards with respect to tbgliNAmerica plate at a rate of 83 mm/yr, and
begins its westward descent beneath Japan at ga J&ench. The location, depth, and focal
mechanism of the March 11 earthquake are consistéht the event having occurred on the
subduction zone plate boundary (http://earthquakgs.gov/). Modeling of the rupture of this
earthquake indicates that the fault moved upwarls3@40 m, and slipped over an area
approximately 300 km long (along-strike) by 150 wunde (in the down-dip direction). The Japan
Trench subduction zone has hosted nine events ajnitnde 7 or greater since 1973
(http://earthquake.usgs.gov/). At least 15,703 feeopere killed, 4,647 missing, 5,314 injured,
130,927 displaced and at least 332,395 building2&roads, 56 bridges and 26 railways were
destroyed or damaged by the earthquake and tsuasdang the entire east coast of Honshu from
Chiba to Aomori. The total economic loss in Japaas vestimated at 309 billion US dollars.
Horizontal displacement and subsidence was alse@robd. Landslides occurred in Miyagi
prefecture. Liquefaction observed at Chiba, Odailmkyo and Urayasu. The ShakeMap realized by
the USGS show a peak ground acceleration (PGA)jngrigetween 0.02 g and 2.02 g (Figure 58).

PGA (g)
[ 0o2-018

T 016-0.44
044-072
0.72 - 1.00
1.00-1.28
. 128-164

[ 1e4-202

Figure 58. Peak Ground Acceleration (g) of the 201Tohoku Earthquake. ShakeMap model produced by the
U.S. Geological Survey Earthquake Hazards Programald et al, 2006).
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Figure 59. Graphs showing the distribution of the BA (g) in relation to the epicentral and the faultdistance

(m).

The relation between the epicentral and fault dista with the PGA (g) is not clear (Figure 59),
this is related to the anomalous concentratiorhefgeak ground acceleration in some area, also
flat.

4.6.1 Digital Elevation Model

The ASTER GDEM is used as a GeoTIFF format with&ggeographic lat/long coordinates and a
1 arc-second (30 m) grid of elevation postings. Taaps were realized from this DEM: the slope
gradient map (Figure 60) and the relief map (Figite See 1993 Papua New Guinea and 1994

Northridge Earthquakes for more details).
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Figure 60. Slope Map of the area affected lifie Tohoku Earthquake.
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Figure 61. Relief at 1Km (a) and at 5Km (b) for thearea affected by the Tohoku Earthquake.

4.6.2 Geological setting

Honshu is located within a highly active subducti@gion characterized by active volcanism,
seismicity, orogeny, and mass wasting (Figure BB crust of Honshu was initially generated by
Paleozoic to Mesozoic accretionary processes, aed by voluminous intrusion of granitic rocks
during the late Cretaceous. The subsequent riifigonshu from the Eurasian continent from 25
to 15 Ma was accompanied by emplacement of voloaaiterials over portions of the island (Sato
et al., 2002). Honshu includes several prominemthrgsouth oriented geologic features that are
common in island-arc settings (Yoshii, 1979), sashan active volcanic front located across the
middle/eastern portion of the island, a forelandkac zones along the Pacific Ocean and the Sea
of Japan, respectively, and a large accretionamypbexes and zones of regional metamorphic rocks
(Hashimoto, 1991). Additionally, recent (i.e., Qaraary) erosion has deposited unconsolidated
materials along Honshu’s coastal margin. A consecgei®f this complex geologic history is that a
wide range of landforms is found across the fordasstern) portion of Honshu (Prima et al.,
2006). Major landforms include the Kitakami Moumisi Sendai plain, the Ou Backbone Range,
the Abukuma Mountains, and Kanto plain (Figure 62).
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Figure 62. Simplified Digital geological map of Japn at a scale 1:200,000 realized by the Geologiclirvey of

Japan (2012). Red line indicate the seduction zone.

Additionally, a narrow £10 km) coastal margin is located along the eastdge of the island. The
northern segment of the Kitakami Mountains largebynprises Mesozoic sedimentary rocks that
are part of a large accretionary complex (Mikoshabal., 2004). The southern segment consists of
shallow-marine Silurian to Cretaceous sedimentacks, along with Paleozoic ultramafic rocks,
and a smaller amount of high-pressure/low-tempegatype metamorphic rocks (Ujiie-Mikoshiba
et al., 2006). Additionally, the Kitakami Mountaihave been intruded by several large Cretaceous
plutons, which occupy about a quarter of the aMikdshiba et al., 2004). The Ou Backbone
Range defines the volcanic front of Honshu (Ujiigkdshiba et al., 2006) with many Quaternary
stratovolcanoes. Since the late Miocene, voluminoagmatic intrusions have been uplifting the
Ou Backbone Range along its adjoining Uwandairat{eend Senya (west) reverse faults (Sato et
al., 2002). In consequence, the base (ridge) etevat the volcanoes is quite higk {50 to~1000

m) and many volcanic peaks exceed 2000 m. Witrerstbdy area, landforms of the Ou Backbone
Range classify as low mountains near the volcanodsas smooth to rough hills along the central
ridge (Dragut and Eisank, 2012)In the southernigorof the study area lies the Abukuma
Mountains, an uplifted peneplain. The bedrock & fbukuma Mountains primarily consists of
Cretaceous plutonic rocks (granite) and also iretudarge regions of Cretaceous high-

pressure/low-pressure regional metamorphic rockeigg; Miyashiro, 1958; Faure et al., 1986).
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The study area also includes the Sendai and Katgmsp which comprise unconsolidated

Quaternary sediments.

4.6.3 Analysis

The relationships of the lithology with the relitie PGA (g), the epicentral distance and the fault
distance have been analyzed (Figure 63). The dithe$ identified in the area were grouped in
eleven classes, starting from the digital geoldgmap of Japan at a scale 1:200,000 realized by the
Geological Survey of Japan (2012) (see Table 6neSsedimentary rocks have been classified on
the basis of the age (tertiary or quaternary).

The values of the relief have a high variationhe tange between the two adopted radius. The local
variation of the PGA with the distances from thécepter and the fault rupture has not clear, due
also to the strange distribution of the valuesitei@above. For example the Mudstone group have
low values of the PGA, despite it is one of thkedlbgies closer to the seismic source, in particula
to the epicenter. This strange trend could be edl&d the low number of landslides occurred in
such lithologies. Considering the values of the Pi3ére is a relationship more pronounced with

the fault rupture respect to the epicenter.

Table 6. Simplified geology of Tohoku Earthquake (@11).

# Lithology Group Name
1| Conglomerate Conglomerate
2| Limestone Limestone
3 | Metamorphic rock Metamorphic rock
4| Mudstone Mudstone
5 | Plutonic rock Plutonic rock
6 | Pyroclastic rock Pyroclastic rock
7 | Sedimentary rocks and deposits Quaternary
8 | Sandstone Sandstone
9| Sedimentary rocks Tertiary
10| Turbidite Turbidite
11| Volcanic rock Volcanic rock
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Figure 63. Graphs showing the relationships of thdithology with: a) Relief (m); b) PGA (g); c) Epicentral
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4.6.4 Landslide Dataset
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. Sendai

N
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Landslides R

Figure 64. Landslides dataset related to the Tohok&arthquake; Wartman et al. (2013)

The landslide database was developed based omegighing conducted during the post earthquake
reconnaissance, and additionally from examinatiosatellite imagery (Wartman et al., 2013). The
study area was generally well vegetated, whichnodléowed landslides to be first identified based

on changes in the appearance of vegetation or hdrsurface features. Landslide features in the
80



low-lying coastal areas severely impacted by thendsi were not considered and are not
represented in the database. Wartman et al. (2&kBjed the seismogenic origin of landslides by
comparing the postearthquake imagery with scerms ftoogle Earth’s historical archives. They
also found that aftershocks did not significaniyibute to landsliding and thus they believe that
nearly all of the landslides in the database weggdred by the mainshock. Once identified,
landslides were assigned a reference number, dédithe measured, and classified based on the
landslide categorizations defined by Keefer (1999):Disrupted Landslide, that are landslide
characterized by a rapid movement by free faltlisgj, and/or rolling of debris. The debris masses
were typically dry and brittle. In this landslidédse deposition occurred along or at the base of
slope, and involving long runout displacement. Tdr&dslides have a high to very high levels of
internal disruption. 2) Coherent Landslide, withslaw to moderate movement by slumping,
translation, and/or rotational sliding of mass. B&lnasses often are partially to fully saturat2d.
Lateral Spreads with a movement typically rapid ttayslational displacement of a viscous mass,
or of a stiffened crust of dry soil moving overiaocous surface. Movement can also involve flow.
Delineation of the landslides was aided by theaterfeature of Google Earth, which allowed
visualization of the landscape to be enhanced apidg imagery over a Shuttle Radar Topography
Mission (SRTM) derived 30 m digital elevation mo@@EM).

The accuracy of the landslide measurement made drynvein et al. (2013), both location and size,
is a function of several factors, which vary acrthes study area including nadir (angle of satellite
view), cloud cover, image resolution, and sizeeztfire, among others. The authors are confident
that the inventory represents a comprehensive cgatey of disrupted and coherent landslides
having features larger than 1-4 m. The morpholddeaures of lateral spreads were subtler, and
additionally, permanent deformation of these laidésl was often less than the 1-4 m identification
threshold. During this thesis, starting from thiséntory, a new one was realized through the
elimination of some landslides with strange fornsoespected characteristics.

Analyzing the relationships between the distributad the landslides area, it is possible to observe
how the high number of landslides are present consolidated sediments of tertiary age. In this
lithology, in the volcanic rocks and in the quatesndeposits, there are the landslides with the
larger area ( >10m?). The relief in the area is not so high and thel&lides occurred prevalently
under 500 m of relief (in according also to theetyy lithologies in which they occurred). Also, the
slope gradient at which, in mean, the landslidestigggered is very low, but it is also relatedhe
kind of lithology, types of landslides, the morphetnic characteristic of the area and, above all, to

the magnitude of the earthquake (Mw 9.0).
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Figure 65. Landslides area distribution for each tihology, for the fault distance, see appendix 1 fahe epicentral

distance.
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Figure 66. Landslides area distribution for each theshold of relief, for the fault distance, see appalix 1 for the

epicentral distance.
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Figure 67. Landslides area distribution for each theshold of slope, for the fault distance, see appéix 1 for the
epicentral distance.

The number of landslides for these earthquake coedpathe event magnitude is very low, but it is
located at a very high distance from the coastaR#sging the distribution of the landslides in each
lithology it is possible to see how for the Voloanmbcks, Tertiary and Quaternary deposits the
landslides size seem to increase with the distimoe the fault rupture. For others lithology groups
(e.g. Conglomerate) a reliable analysis it not fidssdue to the low number of landslides occurred
inside these lithologies. Reordering the reliefsecific trend of the landslide size it is not

observed. Instead if the slope gradient is consitiet is possible to see how with the increase of
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the distance from the seismic source there is erease of the small landslides. In any case most of

the landslides for the Tohoku earthquake occurtéohaslope gradient.
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4.7 Maximum distance for earthquake-induced landslide a function of earthquake

magnitude

The six earthquakes presented, were plotted wdHitdrature curves of Keefer (1984) (Figure 68
and Figure 69). The data, both for the epicentisthdce and the fault distance, are under the upper
bound defined by Keefer (1984Dnly Tohoku earthquakes (2011) seems to be highan t
expected, but the maximum distance is related, his tase, to a disrupted landslide, as
consequence, it is under the related upper bound.dita are plotted as single point. Each point
represent the maximum distance at which landsliggsany type) are recognized for each
earthquake, because in some dataset the distinotivveen the different type of landslides is not
available. In any case, the six analysed earthgsa&leen to confirm the literature maximum
distance, from epicenter or fault rupture, at Wwhan earthquake can induce landslides. A Summary

of the earthquakes information with the relativeltfaupture name is reported in Table 7.
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Figure 68. Maximum distance from the epicenter fothe available inventories. The lines represent thepper

bound of distance for the three types of landslidesonsidered by Keefer (1984).
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Figure 69. Maximum distance from the fault rupture for the available inventories. The lines represernhe upper

bound of distance for the three types of landslidesonsidered by Keefer (1984).

Table 7. Summary of the major information for the analysed earthquakes.

Date Mw Fault Rupture Depth (km) | # landslides
Papua New Guinea | 13/10/199%.0| Ramu - Markham Fault 25 4789
Northridge 17/01/1994 6.7| Oak Ridge Fault 18 11111
Niigata-Chuetsu 23/10/20046.6 | Muikamachi and Obiro Faul 16 10525
Wenchuan 12/05/2008 7.9| Beichuan and Pengguan Fault 19 197481
Iwate-Miyagi Nairiku| 13/06/2008 6.9| - no available 10 3502
Tohoku 11/03/2011 9.0| Subduction zone 30 1978
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4.8 Northern Chile

The northern Chile area is subject to a high segynassociated to earthquakes of different type:
interplate (superficial and intermediate depthldiction zone earthquakes (Figure 70). Shallow
thrust earthquakes have been historically the nmpgbrtant with magnitude above 8 and return

periods around 80-130 years. Megathrust earthquia&es a longer return period. The study area
(Figure 70) is located in the Northern Chile foredt extends between Iquique (19.4°) and Arica
(20.0°), and from W to E including the Coastal Gikedh (up to average elevation of 1500 m a.s.l.),
the Central Depression (500-2300 m a.s.l.) andPtieeordillera (up to 3700 m a.s.l.). These last
two are often defined as the Atacama Pediplainciiadacterised by an interfluves denudation rate
extremely low in the last 6 Ma (Kober et al., 200The area of interest for this study is

characterized by extremely low precipitations (Ari©6.5 mm a-1; Iquique: 0.6 mm a-1; Quezada et
al., 2010) close to the coast to about 300 mm a-fhé upper part of the Western Cordillera.

Seismicity in the area is extremely high: this secff Northern Chile is well known as the Iquique

Gap, lacking a major earthquake since 1868/187ug&leet al, 1992).

| — lineaments

— flexures

I:I landslides

Figure 70. Study area and landslide inventory (A: Lluta
landslide; B: Minimini landslide; C: Latagualla landslide).
Earthquake epicenters: post-1900, from USGS ANSS
Comprehensive Catalogues (circles with black outlie);
pre-1900, from Centro Sismolégico National, Univeidad
de Chile (circles with white outline). Flexures fran
1:1.000.000 geological map of Chile. Lineaments fno

® g i
Earthquake epicenters
Magnitude depth (km)

* 50-6.0 O 025 @ 100-200

® 61-70
25-50 . .
® 150 $ = photointerpretation.
. © 50-100 @ not available
8.1-9.0
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4.8.1 Geological setting
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Figure 71. Geological map of the study area.

The W Escarpment and Precordillera are formed lppase-grained clastic formation (fluvial
conglomerates and sandstones of the Azapa Fm.y@odnoclastic (Oxaya Ignimbrite, rhyolitic-
dacitic tuffs, Oligocene and Miocene in age, 26.7oMa), and fluvial deposits (Huaylas and El
Diablo Fms.), up to the present day surface (udpemDiablo Fm., 13.7 to 8.3 Ma), in a
homoclinalic setting (Sucuna homocline, dipping°2t8 the W) (Figure 71). This homocline is
affected by NW and NS trending folds (Hauylillasxaa Anticline from N to S, irthe northern
sector) about 1 km in amplitude, bounded to thew¥hie Ausipar Fault, and flexures (Humayani,
Moquella and Aroma-Soga to the S) along the Prdléenal western limit. The western slope of the
Andes of northern Chile - southern Peru, forming thodern Andean forearc, is characterized by
intense seismicity, associated to the subductiomaafanic Nazca plate below the S-American
continent at rates between 63 and 84 mimTis area is subdivided from west to east intar fo
main morpho-tectonic units: Coastal Cordillera, €€anDepression, W-Escarpment-Precordillera

and W Andean Cordillera. The Atacama Desert in INart Chile is characterized by the presence
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of a hierarchized drainage network cutting throtighPrecordillera, the Central Depression and the
Coastal Cordillera. The large and deep canyonsanawer half of the valleys suggest an important
base level lowering. At the same time, the exceplidong term hyperaridity (probably started

since the Middle Miocene) of the Atacama Desert attributed to different causes (e.g. cold

upwelling Humboldt Current, Andean rain-shadow &lfeis the cause of the preservation of many
landforms typical of this landscape. The canyomsina in this part of the Andes has been a recent
subject of various studies (Garcia et al., 201guret et al., 2007; Hoke et al., 2007; Schlunegger
et al., 2006) and some suggest the presence o$ limk¢he Central Depression between Late
Miocene and Early Pliocene (Kirk-Lawlor et al., 3)1and so of a possibly wetter climate with

respect to present day hyperaridity. This thantesl@o different mechanisms responsible for the

late valley incision.

4.8.2 Landslides Dataset

The landslide inventory covers an area about 220dag and 80 km wide, between Iquique and
Arica. The inventory includes, landslides, mairtaec structures and other morphological features
(Figure 1). Mapping has been performed by use tellga images and direct field surveys (Crosta
et al., 2014). A total of 379 landslides have bewapped in the area, prevalently including large
phenomena. The landslide area ranges from 2 1023ck#64 kn? (Lluta landslide, Figure 72). The
total area, inclusive of the landslide scarp anthefdeposit amounts to about 1.77 103 .kfhe
mega landslides already described in the literafSteasser & Schlunegger, 2005; Pinto et al.,
2008) can be classified as large block slidesdhatevolve in large rock avalanches (e.g. Minimini,
Figure 72). Their initiation seems to be strongtgaciated to the presence of secondary faults and
large fractures transversal to the slope. Thesgslales show evidence suggesting a re-incision by
the main canyon network. This seems particulanie tfor the Lluta collapse where the main
“landslide” mass is masked or deleted by the swsieeserosion. These landslides have been
associated mainly to the uplift in the PrecorddléPinto et al., 2008). Other landslides have been
mapped along the Coastal Escarpment and some ohal@ tectonic escarpments with an E-W
trend. Landslides along the canyon flanks affedtmes generally lower than 1 Rmand can be
mainly classified as large compound slides, compbvenomena and in some cases lateral
spreading, supposedly by multiple retrogressiviifaievents with a relatively long spreading so
that deposits often cross or develop along theeydilottom and have been re-incised exposing
undeformed bedrock material. Few studies on selautega-landslides show that they occur along
the Precordillera slope and sectors with minoreyallaffecting mainly interfluvial slopes at the

macro scale.
90



TaT e

-~ e
\ 2

B Liuta landslide Ny 7 L% T e Latagualla landslide]

These major landslides seem to be controlled byptiesence of important NNW trending open
fractures and graben like features with a relevangitudinal continuity (up to 8-9 km). These
coincide, in the northernmost part, with the westeide of the Oxaya block, characterized by an
eastward backtilting (Minimini and Latagualla lahdss, Pinto et al., 2008; Lluta collapse, Strasser
and Schlunegger, 2005). A completely different tygelandslides is observed along the main
fluvial valleys cutting deeply through the Precdiesta and the Central Depression to reach the
Pacific Ocean through the Coastal Cordillera. Thedleys are 10 to 25 km apart from each other.
In Chile, no dating is available for the landslidgdsng the canyon flanks. Nevertheless, some age
constrains can be proposed relative to the pediswafdce, ignimbritic deposits and strath terraces
along the canyons, canyon incision rates and tlggatnon of the knickpoints within the valleys.
Pediplain surface age (ca 7-8 Ma) and ignimbrigpakits some tens of meters above the valley
bottom (ca 2.5 Ma) give two initial constrains. ision rates range between 25 m and 137 rit.Ma

In general, it is has been suggested that valleision tends to start later and proceed slower
moving southward in the area (Hoke et al., 200hisTis supported by the main knickpoints
position with respect to the valley outlet, assugnm linear retrogression of the knickpoints,
constant climatic conditions and a minor role oblggical and lithological constrains. For the
exorheic valleys, from the Azapa to the Tilivichalgy (northern area, Fig. 1), the distance ranges
between 120 and 75 km (so 10 to ca 17 km Ma-1),redse for the endorheic valleys, from
Tarapaca to Ramada (southern area, Figure 7@ngfes between 75 and 25 km (3.6 to 10.7 km
Ma-1). Therefore, assuming a progressive linearesse in time along the valley profile, it is
possible to determine the approximate maximum ages&ch of the landslides along the valley
flanks. At the same time, more options should besiter: the uniform incision through the entire
valley length, at rates slightly changing from Withe E; the fact that some landslide toe lies well
above the valley bottom and could have occurredaaier stages of valley incision. Due to the
width (parallel to the river course) of some of thedslides, the total time needed to completely

clear the landslide toe and the failure to occur lba quite long with the given erosion/incision
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rates. For the same reason, failures could havgrgssively propagated upstream with valley
erosion. In this last condition, the groundwateelewithin the slopes could have been higher than
along a well-developed valley flank, so favourihg failure process.
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5 Relationship between landslides size distributionrad distance from the

seismic source

One of the purpose of this work is to charactetize variation of the landslide size with the
increase of the distance from the seismic sourhe.starting hypothesis is that moving away from
the seismic source (epicenter or fault rupturejethe a decrease in the size of the landslideaglat
to the decrease of the earthquake intensity. Tdyvthis hypothesis the available datasets were
divided in different sub-set, based on classesisthdce, both from the epicenter and the fault
(except Iwate-Miyagi Nairiku earthquake, were ofie epicenter is available). The number of
classes depend on the number of landslides praseath inventory: the larger is the inventory, the
more the class. Each sub-set contain the same murhlevents, independently from the type of
landslides. This was done to allow a comparisowéen the different sub-set. For each sub-set the
magnitude frequency curve was built and the foutho@ology presented before were applied for
the identification of the scaling parameter, The results are presented for each earthquake
considered in this study. In appendix 2 are repod# the fitting curves for the Wenchuan

Earthquake (2008), as example.

5.1 Papua New Guinea Earthquake, 1993

The inventory includes 4789 landslides (Meuniealet2008). Five distance classes were defined,
and the magnitude-frequency curves were built smheclass (Figure 73). The curves show that,
with the increase of the distance there is an asgef the slope of the curves, probably relatead to

decrease in number of the landslides with large,ar®ving away from the source.
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Figure 73. Probability Density curves for each clasof distance from the epicenter. See the followirtgble for the

legend.
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Table 8. Classes of distance, from the epicentedantified for the Papua New Guinea Earthquake, numbr of
landslides in each class, and values of the scalipgrameter, a, defined through the different methodologies. PL.:
Maximum likelihood estimator of non-cumulative powe-law function; LF: Least square regression of non-
cumulative log power-law function; DP: Maximum likelihood estimator of Double Pareto distribution; ML:

Maximum likelihood estimator of cumulative power-law distribution (Clauset et al, 2009).

Classes of Distance (m)Code| # landslides| PL | LF | DP | ML
0 - 11,357 1 956( 1.83|2.06|2.38|2.35

11,357 - 19,751 960(1.92|2.22|2.21|2.22

19,751 - 27,356 957(1.97(2.12[2.05[2.21
27,356 - 40,132 959(2.09(2.10{2.16(2.13
40,132 - 73,38} 957(2.77(2.69[2.50( 2.61

g (b~ (WD

1.6 T t T - T

Figure 74. Graph showing the values of the scalingarameter, a, for the distance from the epicenter. See Table 8

for the legend. The x values referred to the codend then to the distances, in Table 8.

Considering the values of the scaling parametdi,able 8, Figure 74), defined through the four
methodology, it is possible to observe that theni®dthod show an increase of the exponent, with
the epicentral distance. While the LF and ML metilodies shows an exponent in a range of 2.0
and 2.4 without a clear trend (growth or degrow#ind increase in the last class of distance. The
DP method have a decrease in the exponent at ¢henlreg and an increase after the third class.
For the analysis of the distance from the faultutgy five classes were identified and the relative
magnitude-frequency curves built. In this casettkad is not so clear. The first classes seem to

have a greater slope than the others.
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Figure 75. Probability Density curves for each clasof distance from the fault rupture. See the follwing table for

the legend.

Table 9. Classes of distance, from the fault ruptwe, identified for the Papua New Guinea Earthquakenumber of
landslides in each class, and values of the scalipgrameter, a, defined through the different methodologies. See

Table 8 for the PL, LF, DP and ML meaning.

Classes of Distance (m)Code| # landslides| PL | LF | DP | ML
0-24,617 1 957|2.35/2.53|2.25|2.72

24,617 -3125Yy 2 951|2.06|2.21|2.19|2.27
31,257-34,239 3 950(1.77/2.01]2.08|1.93
34,239-37,78Y 4 970[2.22|2.09[2.32| 2.24
37,787 -67,280 5 961|2.18|2.27|2.40| 2.26

28
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Figure 76. Graph showing the values of the scalingarameter, a, for the distance from the fault rupture. See

Table 8 for the legend. The x values referred to #hcode, and then to the distances, in Table 9.
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All the methodologies show a decrease of the exptowéh the distance for the first classes and
after an increase of it (Table 9; Figure 76). Thieans that after the second class there is an
increase of the landslides area, which then gradustlurns to decrease with the distance. The DP

method has the less variation in the exponent cé$pe others.

5.2 Northridge Earthquake, 1994

The inventory includes 11,111 landslides (Harp let1®96). Ten classes were defined, and the
magnitude-frequency curves were built (Figure The curves do not show a clear trend, the first

classes seem to have a greater slope than the otispecially for the tails.
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Figure 77. Probability Density curves for each clasof distance from the epicenter.

Table 10. Classes of distance, from the epicentédentified for the Northridge Earthquake, number of landslides
in each class, and values of the scaling parameter;, defined through the different methodologies. Se€able 8 for
the PL, LF, DP and ML meaning.

Classes of Distance (m)Code| # landslides| PL | LF | DP | ML
0- 14,515 1 1107|2.19| 2.56| 1.98| 2.55
14,515- 16,968 2 1109|2.18|2.29|2.02| 2.38
16,968 - 19,462 3 1111)1.93|2.34|1.75| 2.21
19,462 - 21,724 4 1113|1.78| 2.03| 2.37| 2.67
21,724 - 24,665 5 1111|2.07|2.16/1.47| 2.53
24,665 - 28,20 6 1108| 2.03| 2.58| 2.03| 3.01
28,207 - 31,000 7 1115|1.98|2.18|1.69| 2.31
31,000 - 34,529 8 1109| 2.10|1.95| 2.20| 2.06
34,529 -38,026 9 1114 2.03|2.07|2.21| 2.05
38,026 - 53,483 10 1114|2.19|2.42|1.69| 2.23
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Figure 78. Graph showing the values of the scalingarameter, a, for the distance from the epicenter. See Table 8
for the legend. The x values referred to the codend then to the distances, in Table 10.

From Table 10 and Figure 78, it is possible to oleséhat, the distribution of the scaling parameter
and then, of the landslides area is not clear.Alhenethod is the only that has a defined trend, the
others have a large variation of the exponent. NThanethod in specific classs of distance (#3, #8,
#9, #10, Figure 78), show a very low values resgiecbther exponent identified. This is related to
a problem observed for this methodology. The methodfact, does not fit the tail of the

distribution and the fitting curve has a slope I the actual slope (Figure 79).
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Figure 79. Maximum likelihood estimator of cumulative power-law distribution (ML, Clauset et al, 2009)or the

class #3 (sx) and #10 (dx). As showed the methanlyy do not fit the tail of the distribution, this implies an
exponent lower than expected.
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For the analysis of the distance from the faulttutgy five classes were defined and the relative
magnitude-frequency curves built for each of théngyre 80). From these curves, it possible to
observe that only two curves (7788 and 14741 mjatied from the trend, without an appropriate

trend.
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Figure 80. Probability Density curves for each clasof distance from the fault rupture. See the follwing table for

the legend.

Table 11. Classes of distance, from the fault rupte, identified for the Northridge Earthquake, number of
landslides in each class, and values of the scalipgrameter, a, defined through the different methodologies. See

Table 8 for the PL, LF, DP and ML meaning.

Classes of Distance (m)Code| # landslides| PL | LF | DP | ML
0-2,032 1 2220(1.97|2.25/2.87|2.44

2,032 - 4,50( 2 2222|2.10[2.41| 2.60| 2.55
4,500 - 7,788 3 2215[2.07|2.23[2.91| 2.06
7,788-14741 4 2219 1.85|2.03|3.08|2.28
14,741 -4171%5 5 2219(2.44|2.60|3.12| 2.58

Two methodologies show a similar trend (PL, LF),lestthe DP method, except for the first class,
show an increase of the exponent with the distéihable 11, Figure 81). For this earthquake, the
DP method has high valueswfespect the others, related to the impossibititytfie Double Pareto

distribution to correct fit each dataset as shoimdéigure 82. Here it is possible to observe that t

fitting curve is below the magnitude frequency @jrkesulting in a value of the scaling parameter
which is higher than the reality. For all the s@b-ghis method show the same problem. The ML
method show the same problem presented for treerpal distance. As it possible to observe
from Figure 83 the methodology does not fit thé ¢dithe distribution, and as consequence, the

exponent is lower than the actual ones.
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Figure 81. Graph showing the values of the scalingarameter, a, for the distance from the fault rupture. See

Table 8 for the legend. The x values referred to #hcode, and then to the distances, in Table 11.
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Figure 82. Maximum likelihood estimator of non-cumudative power-law function (DP) for the class of dignce

number 1.
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Figure 83. Maximum likelihood estimator of cumulative power-law distribution (ML, Clauset et al, 2009)or the
class #3 (sx) and #4 (dx). As showed the methodpfodo not fit the tail of the distribution, this implies an
exponent lower than expected.
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5.3 Niigata-Chuetsu Earthquake, 2004

The inventory includes 10,525 landslides (Yagi let 2007). Five classes were defined, and the
magnitude-frequency curves were built (Figure 84)e curves show that, with the increase of the
distance, there is a decrease of the slope ofutthees, that meaning an increase, in number, of the
landslides with large area, moving away from therse. This is the opposite of what is expected as

hypothesis.
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Figure 84. Probability Density curves for each clasof distance from the epicenter.
Table 12. Classes of distance, from the epicentadentified for the Niigata-Chuetsu Earthquake, numker of

landslides in each class, and values of the scalipgrameter, a, defined through the different methodologies. See
Table 8 for the PL, LF, DP and ML meaning.

Classes of Distance (m)Code| # landslides| PL| LF | DP| ML
0-7,002 1 2105|2.59|2.52|4.00| 2.49

7,002-10,428 2 2105 2.36/2.67[4.00| 2.53
10,423 - 13,658 3 2105[2.14/2.16| 3.36| 2.18
13,658 - 16,954 4 2105[2.21|2.09[3.62|2.10
16,954 -23,955 5 2105[2.42|2.16{3.91|2.29
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Figure 85. Graph showing the values of the scalingarameter, a, for the distance from the epicenter. See Table 8

for the legend. The x values referred to the codaend then to the distances, in Table 12.

The DP method shows the same problem presentéldediorthridge Earthquake, where the fitting
curves have a slope higher than the actual slgeeRgure 86).
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Figure 86. Maximum likelihood estimator of non-cumudative power-law function (DP) for the class of dignce

number 1.

The others methodologies show the same trend, migther exponents for the first two classes.
From the third classes the exponents show a shghtase.

Regarding the distance from the fault rupture, flesses were defined, with the relative curves
(Figure 87). Here, it seems that the higher theadce, the steeper the tail of the curves.

101



Probability Density

LA e S L] | T T i S T T T
10' 102 10° 10 10°
Area (m?)

Figure 87. Probability Density curves for each clasof distance from the fault rupture.
Table 13. Classes of distance, from the fault rupte, identified for the Niigata-Chuetsu Earthquake,number of

landslides in each class, and values of the scalipgrameter, a, defined through the different methodologies. See
Table 8 for the PL, LF, DP and ML meaning.

Classes of Distance (m)Code| # landslides| PL| LF | DP| ML
0 - 5,061 1 2,105| 2.38| 2.35| 3.82| 2.40

5,061 - 10,272 2,104 2.01| 2.04| 3.18| 2.06

10,272 - 17,436 2,104|2.27|2.26| 3.61| 2.19

17,436 - 26,342 2,106| 2.15| 2.32| 3.26| 2.20

26,342 - 72,381 2,106| 2.76| 3.02| 4.00| 2.85

gl (B~ (WN

Figure 88. Graph showing the values of the scalingarameter, a, for the distance from the fault rupture. See

Table 8 for the legend. The x values referred to #hcode, and then to the distances, in Table 13.
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Figure 89. Maximum likelihood estimator of non-cumudative power-law function (DP) for the class of dignce

number 1.

The DP method has high values that do not refleetaictual slope of the curves (e.g. Figure 89).
The others methods have the same trend with veryasivalues, and show a progressive increase
of the exponent with distance, with the exceptidnth@ first class. This mean a decrease in
frequency of the large landslides with the increafsthe distance from the fault rupture, according
to the hypothesis.

5.4 Wenchuan Earthquake, 2008

The landslides inventory, that includes 197481 &/€Xu et al., 2013), was divided in 10 sub-sets,
on the basis of the distance from the epicentre.mhgnitude-frequency curves were built for each
class (Figure 90). The graph do not show a spettéind in the slope of the curves, and then in the
landslides size distribution, with the epicentnstance.
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Figure 90. Probability Density curves for each clasof distance from the epicenter. See the followirtgble for the

legend.
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Table 14. Classes of distance, from the epicentédentified for the Wenchuan Earthquake, number of Andslides
in each class, and values of the scaling parameter, defined through the different methodologies. Se€able 8 for
the PL, LF, DP and ML meaning.

Classes of Distance (m)Code| # landslides| PL| LF | DP| ML
0 - 15,084 1 19,745(2.01{2.01| 2.34{ 2.23
15,084 -24,038 2 19,748{2.24[2.41| 2.28[ 2.66
24,038 - 34,161 3 19,744{1.98(2.31] 2.16| 3.23
34,161 -44,110 4 19,7411 2.79| 2.16| 2.31| 3.62
44,110-56,442 5 19,757/ 1.75[2.16| 2.41{ 3.20
56,442 - 76,422 6 19,750] 2.84[ 2.49| 2.25[ 4.36
76,422 -92,225 7 19,746 2.71| 2.63| 2.54| 2.97
92,225-115550 8 19,747/ 2.08[2.22| 2.59(2.78
115,550 - 164,41 9 19,755 2.03[ 2.43| 2.63[ 2.16
164,412 - 380,00p 10 19,748 2.51| 2.57| 3.25| 2.57

Figure 91. Graph showing the values of the scalingarameter, a, for the distance from the epicenter. See Table 8
for the legend. The x values referred to the codend then to the distances, in Table 14.

The PL and LF methods do not have a clear variafibey increase and decrease with the distance
without a specific trend. However the exponentssetb to the epicenter are lower than the
exponents far from the seismic source. The ML neslmows an increase for the first five classes
and then a decrease, with a very high variatiothénvalues of the exponent. The curves related to
the distances #1, #2, #3, #9 and #10 are not dyofpeby the methodology. In contrast to the
problem encountered by this methodology, the dega#® show a very high value, due to the fitting
of only the tail of the distribution (Figure 92)h@& DP method has a constant increase of the

exponent with the epicentral distance, and confirenhypothesis.
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Figure 92. Maximum likelihood estimator of cumulative power-law distribution (ML, Clauset et al, 2009)or the
class #6. As showed the methodology fit the tail dhe distribution, this implies an exponent higherthan

expected.

Considering the distribution of the landslide simerelation to the fault rupture, the landslides
inventory was divided in 10 sub-sets. The magn#indguency curves were built (Figure 93).
Taking into account only the tails of the distrilouts, it is possible to observe an increase of the
slope of the curves with the distance. This obsi&mas less evident for area ranging betweeh 10
and 10 n?.
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Figure 93. Probability Density curves for each clasof distance from the fault rupture. See the follving table for

the legend.
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Table 15. Classes of distance, from the fault rupte, identified for the Wenchuan Earthquake, number of
landslides in each class, and values of the scalipgrameter, a, defined through the different methodologies. See
Table 8 for the PL, LF, DP and ML meaning.

Classes of Distance (m)Code| # landslides| PL| LF | DP| ML
0- 1,344 1 19,749 2.01| 2.49| 2.38| 2.38

1,346 - 2,80( 2 19,747/ 1.97| 2.60| 2.42[ 2.90
2,800 - 4,593 3 19,747|2.29|2.33| 2.39| 2.91
4593-6,784 4 19,749 2.04|2.68| 2.39| 2.31
6,784 - 9,82( 5 19,748, 2.13|2.00| 2.30| 2.72
9,820-12886 6 19,748 2.21|2.61|2.18| 2.41
12,886 - 16,98 7 19,749 2.11| 2.50( 2.21| 3.86
16,987 - 23,242 8 19,749 3.07| 3.18[ 2.39| 3.28
23,242 -32,169 9 19,748 2.54|2.35|2.40] 4.12
32,169 - 160,000 10 19,748 2.38| 2.50| 2.63| 2.60

Figure 94. Graph showing the values of the scalingarameter, a, for the distance from the fault rupture. See

Table 8 for the legend. The x values referred to #hcode, and then to the distances, in Table 15.

In the case of the distance from the fault ruptdoeshe Wenchuan Earthquake there is no clear
trend for theo exponent (Table 15 Figure 94). In the DP methbd, dxponent increase with the
distance only after a distance of 9,820 m fromfth#t,. Under this class, has a little variation.

The PL method shows an increase of the values thghdistance, while for the LF and ML
methods there is not a clear trend. The curvesectka the distances #2, #3, #4, #5, #6 and #10 are
not properly fit by the ML method.
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5.5 Ilwate-Miyagi Nairiku Earthquake, 2008

For this earthquake, it was possible to make dmdyanalysis related to the epicentral distance, due
to the unknown fault at the origin of the earthqgeiakhe inventory includes 3502 landslides (Yagi
et al., 2009), that were divided in five sub-sdie Thagnitude-frequency curves were built for each
class (Figure 95). A first analysis shows how tlemd is completely opposite to the expected. In
fact, the lower is the distance, the higher isdlope of the curves. This means that large laneslid

are far from the seismic source.
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Figure 95. Probability Density curves for each clasof distance from the epicenter. See the followirtgble for the

legend.

Table 16. Classes of distance, from the epicentédentified for the Iwate-Miyagi Nairiku Earthquake, number of
landslides in each class, and values of the scalipgrameter, a, defined through the different methodologies. See
Table 8 for the PL, LF, DP and ML meaning.

Classes of Distance (m)Code| # landslides| PL | LF | DP | ML
0-4684 1 700 1.85/1.92/4.00|2.18

4,684 - 7,549 700] 1.85| 1.80(4.00| 1.92

7,549 - 13,566 702(1.76| 1.80| 2.00| 1.82

13,566 - 18,365 700(1.71] 1.65| 3.50| 1.67

18,365 - 26,279 700{1.99|1.99| 3.09| 1.98

g (B~ (WN
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Figure 96. Graph showing the values of the scalingarameter, a, for the distance from the epicenter. See Table 8

for the legend. The x values referred to the codend then to the distances, in Table 16.

Considering the results in Table 16 and Figurei9& possible to observe that the DP method
shows strange values of the exponent. This iseelit the characteristics of the dataset, thatadlo n
have a clear rollover in the distribution, due e stbundance of small landslides in the inventory,
as it is possible to see for example in FigureF®#.this reason this methodology cannot be applied
successfully to this earthquake. All the other madthshow a decrease of the exponents with the
distance, and an increase only for the last clasiséistance. However for PL and LF methods there
IS no a clear variation in the values for all thstahces, except for the last class, that shows an
increase of the exponent.
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Figure 97. Maximum likelihood estimator of non-cumudative power-law function (DP) for the class of disnce

class number 4.
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5.6 Tohoku Earthquake 2011

The inventory includes 1978 landslides (from Wartnea al., 2013). Even though the number of
event is less small, five sub-set and the relatiagnitude-frequency curves were built (Figure 98).
The landslide areas involved in this inventory sraall compared to the others earthquake-induced
landslides inventory. The reason is probably relatethe high distance of the seismic source with

respect to the affected area, and the overall nobogly of the area.

Table 17. Classes of distance, from the epicentédentified for the Tohoku Earthquake, number of landslides in
each class, and values of the scaling parameter, defined through the different methodologies. Se€able 8 for

the PL, LF, DP and ML meaning.

Classes of Distance (m)Code| # landslides| PL | LF [ DP | ML
0-123,0671 1 395(2.02[2.43[2.08[2.72

123,067 - 144,76 396(2.74(3.24(2.07( 2.00
144,765 - 156,90 396(1.89(1.99|2.40(2.13
156,903 - 202,84 396(2.87(2.51|2.15(3.18
202,846 - 325,00 395(1.98|2.25(2.21(2.03
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Figure 98. Probability Density curves for each clasof distance from the epicenter.
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Figure 99. Graph showing the values of the scalingarameter, a, for the distance from the epicenter. See Table 8

for the legend. The x values referred to the codend then to the distances, in Table 17.

The variation of the scaling parameter with thecepiral distance do not follow a specific trend.
The only observation that can be made is that tAeni@thod shows an opposite trend with respect
to the others. When it increases, the others dseraad conversely. In this earthquake, the DP
method shows a good fit for each sub-set.

Also for the fault distance, five sub-set were defi and the relative probability density curves
created (Figure 100). The distance from the faipture is greater than the epicentral distance: the

first class of the fault distance corresponds &penultimate of the epicentral distance.

Probability Density

10' 10° 10° 10° 10°
Area (m?)

Figure 100. Probability Density curves for each clss of distance from the fault rupture. See the fadwing table

for the legend.
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Table 18. Classes of distance, from the fault rupte, identified for the Tohoku Earthquake, number of

landslides in each class, and values of the scalipgrameter, a, defined through the different methodologies. See
Table 8 for the PL, LF, DP and ML meaning.

Distance (m) |Code|# landslides| PL | LF | DP [ ML
0 - 203,779 1 380(1.86[1.94[2.28[2.11
203,773 - 218,56 2 407]1.96|2.48|2.22|3.72
218,565 - 246,72 3 394(1.85(2.22(2.00(2.94
246,725 - 264,20 4 384[1.74(1.86[2.15[ 3.00
264,204 - 286,30 5 412]1.61|2.08| 2.00{ 2.30
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Figure 101. Graph showing the values of the scalingarameter, a, for the distance from the fault rupture. See

Table 8 for the legend. The x values referred to #hcode, and then to the distances, in Table 18.

The scaling parameter shows a little range of sathe different fault distances for the PL, LF and

DP method. All the methodologies have a decreasheoéxponent with the distance. In this case

the ML method, probably related to the low numbkeewents for each classes of distance, tries to

fit the tail of the distribution with an increasktbe exponent (e.g. Figure 102).

Pz x)

Figure 102. Maximum likelihood estimator of cumulatve power-law distribution (ML) for the class #2.
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5.7 Discussion

The hypothesis that has been tested with this aisalythat the increase of the distance produces a
increase in the power law exponent. As shown inlerd®, this hypothesis was verified only for
three earthquakes, not for both the distances sedlffrom epicenter and from fault rupture), and

not for all the methodologies applied.

Table 19. Summary of the analysisy’: the hypothesis is verified;x: the hypothesis is not completely verified.

Earthquake Epicentral distanceault distance

Papua New Guinea v x
Northridge
Niigata-Chuetsu
Wenchuan

Iwate-Miyagi Nairiku
Tohoku

x (% [Q|%|%
x (%[ % |[<|x%

Some considerations can be made relatively theadetbgies applied to the landslides inventories.
The Maximum likelihood estimator of non-cumulatipewer-law function (PL) and the Least
square regression of non-cumulative log power-lawcfion (LF) are highly dependent on the
ability of user that applies the procedure, so thaye a high subjectivity. In this methods, in $act
the user select the best part of the curves foffit{&igure 103). To reduce this problem the R-
Square was considered. The part of the curve whitisgg showed highest values of this parameter
was chosen for the fit. This improve the repeaitgilf the analysis, even if the subjectivity cabno
be completely eliminated, for example in the sizéhe window in which the fit is performed.

The Maximum likelihood estimator of cumulative pawaw distribution (ML; Clauset et al, 2009)
often gives unreliable results because it doegivetimportance to the tail of the distribution. s

is possible to see in the graphs in reported exasnphe methodology lost the tail of the
distribution, due to the fact that the method tetwsninimize the error in the upper part of the
curve, were the valuesyx is automatically chosen. The Maximum likelihoodireator of Double
Pareto distribution (DP) better describe the laddsl distribution from a theoretically point of
view. In fact, the method allows to define the so#r of the distribution, and to characterize two
scaling parametersa(and ) related to the two scaling regimes exhibited by tandslide

distribution.
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Figure 103.Different part of the probability density curves can be fit, as explain by the figure on the right, wth
different results on the scaling parameterg. The case of the Maximumlikelihood estimator of nor-cumulative
power-law function (PL), for the fault distance in the Wenchuan Earthquakeis presented. The graph shows tr
possible range of variation of the exponent on theasis of the different part of the curve that the ger can fit. The
red dots are the values adopted in this work, thergen lines correspond to a possible lower limit ahe exponent,

and the blue lines to a maximum oni

The two regimes are strictly connected: the snaaitislides distribution influences thlope of the
large landslides in the fit. For this reason, somes$, the procedure results in strange valuese
scaling parametet.. The double Pareto curve, sometimhas difficulty in predicting landslide
distributions at the tails, but describe the majority of the distribution very w, as found also by
Guthrie and Evans (2004).

Some remarks can be done also for the availablentovies. In particular, the quality of t
inventory influences the results of the fitting pedure. The more thinventory is accurate, tt
more the results are reliable. In the availablemaries, two different problem were fou

The first is theamalgamation of multiple landslic in one single polygon during the compilation
the inventory itself. As found ithe literature, rast landslide inventories are derived from anal
of optical or multispectral imagery, exploiting thgical texture, color and spectral properties
freshly disturbed areas (Guzzetti et 2012). Often, landslides are conspicuoecause they clear
vegetation that has a very different appearancadiation intensity spectru When landslides are
mapped as polygons, whether byan or machine, the general assumption is the polygon
represents a single landslide, most often combimirggar area, a deposit area and sometin
runout area. Amalgamation,e. the combination of several individual landslides ansingle
polygon, can be due to the actual coalescencendtides, or the apparent contiguity of disturt

areas in images with low resolution or poor contbesween affected and unaffected ar
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Figure 104. Examples of amalgamation of multiple ladslides in one single polygon for the Northridge ase

study.

Indeed, where landsliding is very dense, severalcadt landslides may have joint runout areas or
overlapping deposits, or scars separated by andisttoo short to be resolved by the available
image (Marc and Hovius, 2014). This issue was foundhe Northridge and the Wenchuan
inventories (Figure 104). The other inventoriesnsdree from this error. Furthermore, during the
digitizing process of the inventories some errarsuored, such as the creation of polygons without
an actual shape or in areas without landslideau(Eig05). The available datasets were checked to
delete this problem.

The second relevant issue is the undersamplingn@llslandslides for such inventories (e.g.
Wenchuan Earthquake, Figure 106), which is a psdg®wn as censoring. The peak in the
distribution that separate the two regimes in #edslides distribution (the positive and negative
power law scaling for small and large landslidespectively) represents a crossover length scale.

This crossover could be set either by the mappesglution or by the landslide process itself.
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Figure 105. Examples of errors occurred during thedigitizing process of the inventories related to ta Iwate-
Miyagi Nairiku Earthquake 2008.

+  Landslide |
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Figure 106. Example of undersampling in small landiles (see red line) for the inventories related tdhe
Wenchuan Earthquake 2008. With the increased of théault rupture distance the number of small landsldes

decrease with the same trend of the large landslide

In other words, the distribution towards small egerould be a real crossover from landsliding to
other hillslope processes (Frattini and Crosta32@t it could simply reflect the undersampling of
landslides that are too small to be mapped acdurg@&ark and Hovius, 2001).

Finally, there is also to consider for this anaydihat others factors can induce variation in the
trend, for example the distribution of the peakum acceleration (PGA). In fact, there is a strong
relationship between the PGA values and the lashesliriggered by the earthquakes, In particular
an increase in the PGA implies an increase in ladelsarea. Moreover the increase in magnitude
and/or increase in distance shifts the predomipanbd of spectrum to larger values (Graizer and
Kalkan, 2009), resulting in lower frequency signdhe area is generally larger for lower
frequencies (Bourdeau et al., 2004). This mearndhiledocation, area and the volume of a landslide

are likely to be dependent on varying site effedtscan be inferred that large magnitude
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earthquakes tend to trigger larger landslides lsxatithe larger ground accelerations and the low
frequency content (see Chapter 7).

Other factors that can induce landslide with ddfdér can be the geological setting, the

geomorphology of the affected area, catastrophentv(e.g. tsunami), hydrological condition,

ancient precipitation, human activity on the hdls. Above all the lithology could be the most

important factor in the landslide size distributias discussed in the next chapter.
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6 Relationship between landslides size distributionrad geology in the affected

area

Each type of earthquake-induced landslide occura particular suite of geologic environments.
These range from overhanging slope of well-indutatick to slopes of less than 1° underlain by
soft, unconsolidated sediments (Keefer, 1984). EBamthquake-induced landslides reactivate older
landslides; most are in materials that have notipusly failed (Keefer, 1984).

The landslide inventories were divided on the badighe lithology in which each landslide
occurred. In this way, different sub-set were idet for each earthquake, to verify if some
lithology is more prone to give large landslideshwiespect to others in the affected areas. Not all
the lithologies were considered. If the numberamidslides was less than 100, the lithology was not
analyzed because the sample was not sufficient. tiier work, only three of the presented
methodologies were applied: Maximum likelihood mstior of non-cumulative power-law function
(PL); Least square regression of non-cumulative pogver-law function (LF), and Maximum
likelihood estimator of Double Pareto distributigBPP). This is related to the fact that the
Maximum likelihood estimator of cumulative powemialistribution (Clauset et al, 2009) often
gives result, that are difficult to interpret.

6.1 Papua New Guinea Earthquake, 1993

The lithology of Papua New guinea was grouped ifdor classes [see chapter: 4.1]. The

probability density curves of the landsides ocadiireeach lithology were generated (Figure 107).
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Figure 107. Probability Density curves for each litology group considered, (geological map by Jaquek976).
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Table 20. Number of landslides in each lithology, rad values of the scaling parameterg, defined through the
different methodologies. See text for the PL, LF, P meaning.

Group Code| # landslides| DP | LF | PL
Fine clastic and pelagic sediments 1 2,637|2.42|2.09| 2.07
Lava and Pyroclastics 2 1,422|2.36|2.11| 1.65
Limestone 3 225(4.00|2.05|1.84
Marine and paratic clastic sediments 4 505(2.42(1.96| 1.90
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Figure 108. Graph showing the values of the scalingarameter, a, for each lithologies reported in Table 20. The
information about the epicentral and fault distancefor each lithology is shown. The numbers on the axis
referred to the code, and then to the lithology, imable 20.

The values of the scaling parameter do not showatgrariations among the different
methodologies. Only for the limestone (#3, Figu@8)lthe DP value is very high; however this
could indicate that for this litohlogy, the Doultareto distribution has not been able to propérly f
the curve. For the Papua New Guinea earthquake tiseno lithology that is more prone to
landslides than others.

As it is possible to observe from Figure 109, taedslides mainly occurred in fine clastic and
pelagic sediments at all distances, and then icavat rocks, near the epicenter (a) and far fraen th
fault (b). However, it is worth mentioning that ttestribution of landslides reflect the distributio

of the lithologies with respect to the seismic seur
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Figure 109. Graph showing the number of landslidegach lithology divided on the basis of the epicerdt
distance (a) and fault distance (b). The numbers othe x axis referred to the code, and then to theistance in

Table 8, and Table 9 for “a” and “b” respectively.

6.2 Northridge Earthquake, 1994

The lithology of Northridge was grouped into fiviagses [see chapter: 4.2]. The probability density
curves of the landsides occurred in each litholvgye generated (Figure 110).
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Figure 110. Probability Density curves for each liiology group considered (geological map by Jennings al.,
1977).
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Table 21. Number of landslides in each lithology, rad values of the scaling parameterg, defined through the

different methodologies. See text for the PL, LF, P meaning.

Group Code| # landslides| DP | LF | PL
Alluvium 1 99| 4.00| 2.63| 3.06
Argillite and Mudstone 2 515|2.05| 2.08| 1.85
Plutonic rock 3 408| 3.20| 2.35|2.11
Sandstone il 9,679/ 2.90(2.49|2.21
Volcanic rock 5 297|3.13| 2.86| 2.85
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Figure 111. Graph showing the values of the scalingarameter, a, for each lithologies reported in Table 21. The
information about the epicentral and fault distancefor each lithology is showed. The numbers on the axis

referred to the code, and then to the lithology, imable 21.

In Figure 110 the probability density curve areresented. In the area affected by the Northridge
Earthquake, the argillite and mudstone are prongite landslides with large area, in fact the

exponent of the probability density curve is lowhM the volcanic rocks seem to have an high
value of the scaling parameter and this means lidedswith small area (Table 21, Figure 111).

Figure 112 shows that landslides in argillite anddstone are present near and far from the
epicenter and far from the fault, while the landist in volcanic rocks are present at all distances
from the epicentre and very far from the fault. 3ééwo lithologies seem to influence the exponent
of the probability density curves with the distaricem the seismic source, but the signal come

from this two groups is covered by sandstone thatthe predominant lithology in which the
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landslides occurred at all distances, and whoserext has an intermediate value between argillite

and mudstone, and volcanic rocks.
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Figure 112. Graph showing the number of landslidegach lithology divided on the basis of the epicert
distance (a) and fault distance (b). The numbers othe x axis referred to the code, and then to theistance Table

10, and Table 11 for “a” and “b” respectively.

6.3 Niigata-Chuetsu Earthquake, 2004

In this case one of the lithology present in theaatimestone, was deleted from the analysis due to
the low number of landslides occurred inside igufe 113 show the probability frequency curves

for the earthquake-induced landslides in eachlbiyp Observing the curves seem to present two
regimes, the first consisting of Sandstone andidrgrgroup, the other by Quaternary group and

Volcanic rocks.

Table 22. Number of landslides in each lithology, rad values of the scaling parameterg, defined through the

different methodologies. See text for the PL, LF, P meaning.

Group Code| # landslides| DP | LF | PL
Quaternary 1 5,717, 4.00( 2.60| 2.73
Sandstone D 4,457/ 3.20(2.31|2.11
Tertiary 3 102|4.00| 1.79| 2.06
Volcanic rock 4 234|4.00| 2.54|2.12
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Figure 113. Probability Density curves for each lihology group considered (geological map by by thed&slogical
Survey of Japan 2012).
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Figure 114. Graph showing the values of the scalingarameter, a, for each lithologies reported in Table 22. The
information about the epicentral and fault distancefor each lithology is showed. The numbers on the axis

referred to the code, and then to the lithology, ifrable 22.
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Figure 115. Graph showing the number of landslidegach lithology divided on the basis of the epicerdt
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distance (a) and fault distance (b). The numbers othe x axis referred to the code, and then to theistance in
Table 12 and Table 13 for “a” and “b” respectively.

The DP methodology in the case of the Niigata-Cfwetse study, is not able to fit the curves and,
as consequence, shows very high values (see ap@@ndihe others two methods are characterized
by the similar trend (Figure 114). The Quaternaayenthe highest values of the scaling parameter,
a, this meaning that this lithology is prone to giaadslides with small area with respect to the
others. Figure 115 shows that the landslides oedupredominantly in Quaternary at distance
closed to the epicenter. While it is the predomirghology in the first and last distance from the

fault. As it is possible to see, this has an eff@ctthe exponent derived from the sub-set of
landslides divided on the basis of the epicentndl fault distance (Figure 85 and Figure 88). Where
this lithology is predominant, the exponent of thaves seem higher than the expected trend.

Hence the interplay between distance and litholsgyuite complex.
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6.4 Wenchuan Earthquake, 2008

On the basis of 1:200,000 geological map of Chieal@gical Survey, the landslides were divided
in ten lithological groups [see chapter: 4.4] ahd telative probability density were built (Figure
116).
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Figure 116. Probability Density curves for each liology group considered (geological map by the Chin

Geological Survey).

Table 23. Number of landslides in each lithology, rad values of the scaling parameterg, defined through the

different methodologies. See text for the PL, LF, B meaning.

Group Code| # landslides| DP | LF |PL

Quaternary Deposits 1 831(2.71|2.27(1.81
Conglomerates and Sandstone 2 20,380/2.61|2.71| 3.05
Limestone 3 14,320 2.35|2.85|2.24
Limestone and Phyllite al 3,589(2.45|2.23| 2.26
Limestone and Sandstone 5 42,725/ 2.21|2.39| 2.45
Phyllite and Limestone 6 8,911|2.60| 3.01| 2.50
Sandstone and Siltstone 7 21,567|2.26|2.54|2.02
Quartz and Feldspathic Sandstone 8 2,575/ 3.08|2.76| 2.67
Schist and Andesite 9 8,175(2.53|2.76| 2.41
Granitic rock 10 72,933 2.15/3.17|3.12
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In general, all the lithologies are characterizgdnedium-high values of the exponen{Figure
117). As it is possible to observe, the lithologedsthe area cover the same distance from the
seismic source, except the Quartz and Feldspatinds$one group, which is the most distant (#8,
Figure 117). This lithology shows high exponentsthwconsequently small landslides. Two
alternative hypothesis can be made: the lithologgtrols the landslides size, or the distance
controls the landslides size (far from the souscenore likely to have landslides of lesser area).
Figure 118 indicates that the Granitic rocks grand the Conglomerates and Sandstone group have
the higher number of landslides in the study ahemce, it is possible that they can influence the
landslides size. Both the lithologies show highuesl of the scaling parameter for all the

methodologies applied, and this mean an higheritoion in small landslides (#2 and #10,).
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Figure 117. Graph showing the values of the scalingarameter, a, for each lithologies reported in Table 23. The

information about the epicentral and fault distancefor each lithology is showed. The numbers on the axis

referred to the code, and then to the lithology, ifrable 23.
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Figure 118. Graph showing the number of landslidegach lithology divided on the basis of the epicerdt
distance (a) and fault distance (b). The numbers othe x axis referred to the code, and then to theistance in

Table 14 and Table 15 for “a” and “b” respectively.

6.5 Ilwate-Miyagi Nairiku Earthquake, 2008

In the area affected by the Iwate-Miyagi NairikurtBguake five groups of different lithologies
were identified [see chapter: 4.5], but the analygs performed only on three of them, due to the

low number of landslides in the others. The litlydds deleted are: sandstone and plutonic rocks.
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Figure 119. Probability Density curves for each Iihology group considered (geological map by by thee&alogical
Survey of Japan 2012).
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Figure 120. Graph showing the values of the scalingarameter, a, for each lithologies reported in Table 24. The
information about the epicentral and fault distancefor each lithology is showed. The numbers on the axis

referred to the code, and then to the lithology, ifrable 24.

Table 24. Number of landslides in each lithology, rad values of the scaling parameterg, defined through the

different methodologies. See text for the PL, LF, P meaning.

Group Code| # landslides| DP | LF | PL
Pyroclastic roch 1 770/ 3.94/1.80| 1.65
Quaternary 2 452|4.00| 1.88| 2.01
Volcanic rock 3 1,207 3.00{1.93| 2.21
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Figure 121. Graph showing the number of landslidegach lithology divided on the basis of the epicert
distance. The numbers on the x axis referred to theode, and then to the distance in Table 24.
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The volcanic rocks shows the highest value of #porent in the affected area (Table 24,
Figure120), and reasonably this means that they can giveaer contribution in small landslides.
As the case of Niigata-Chuestsu Earthquake, tleesmiinfluence of this lithology in the trend of
the exponent moving away from the seismic soumtgalrticular this lithology is predominant in
the first classes of distance from the epicentéyu{le 119), where the curves show an exponent
higher than the others (Table 16).

6.6 Tohoku Earthquake, 2011

From the available geological map, eleven grougd#hadlogy were extracted [see chapter: 4.6], but
only six have been used for the analysis; theivelgarobability density curves built for the sekstt
lithologies (Figure 122).
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Figure 122. Probability Density curves for each lihology group considered (geological map by by theddlogical
Survey of Japan 2012).

Table 25. Number of landslides in each lithology, rad values of the scaling parameterg, defined through the

different methodologies. See text for the PL, LF, B meaning.

Group Code| # landslides| DP | LF | PL
Plutonic rock 1 347|2.38|2.61| 2.62
Pyroclastic roch 2 113|2.00|1.61|1.36
Quaternary 3 289|2.00|1.87|1.97
Sandstone il 116|2.00| 2.86| 2.81
Tertiary 5 734|2.07|2.40| 1.60
Volcanic rock 6 223|2.03/1.98|1.83
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The exponent of the Pyroclastic rocks is low wigispect to the others lithologies considered for
this earthquake (Table 25 and Figure 123). Thedriglumber of landsides occurred far from the
epicenter (Figure 124 ). Considering the exponelated to the distance from the epicenter (Figure
99) a lower values than the others has been folinel.Plutonic rocks group show high values of
the scaling parameter (Table 25 and Figure 123). The landslides occumetthis lithologies are
the more abundant in the second class of distartoe the fault rupture (Figure 124) whose
exponent show high values respect the others clgBsgure 101). Hence an influence of these two

lithologies in the landslide size can be assumed.
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Figure 123. Graph showing the values of the scalingarameter, a, for each lithologies reported in Table 25. The
information about the epicentral and fault distancefor each lithology is showed. The numbers on the axis
referred to the code, and then to the lithology, imable 25.
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Figure 124. Graph showing the number of landslidegach lithology divided on the basis of the epicerdt
distance (a) and fault distance (b). The numbers othe x axis referred to the code, and then to theistance in

Table 17, and Table 18 for “a” and “b” respectively.

6.7 Discussion

The geology is an important factor in the trigggrof landslides. In the case of earthquake-induced
landslides, it was showed how a patrticular kinditbblogy , that is prone to give a particular size
of landslides, can influenced the spatial distidoutof the landslides size in the affected area, in
relation to their position with respect to the s@issource.

From the analysis, it seems that there is a strefefion between the lithology in which the
landslide occurred and the distance at which thddide occurred. In particular, considering the
area of Japan (Table 26), in which three earthguakéh different magnitude are reported, it is
possible to observe how some lithologies have #mjilar exponent values (such as Volcanic
rocks), while others, that are analysed, show wffevalues between the three earthquakes (such as

Sandstone).

Table 26. Scaling parameterg, for the three Japan Earthquake.

Pyroclastic rock| Quaternary Sandstone Tertiary Volcanic rock
DP | LF |PL|DP|LF |PL|DP|LF |PL|DP|LF |PL]|DP|LF|PL
Tohoku| 2,00| 1.61| 1.36(2.00| 1.87|1.97|2.00| 2.86| 2.81| 2.07| 2.40| 1.60| 2.03| 1.98| 1.83
Iwate | 3.94| 1.80| 1.65[4.00| 1.88]2.01 3.00/1.93]2.21
Niigata 4.00[2.60] 2.73| 3.20/2.31| 2.11/ 4.00| 1.79| 2.06
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This indicates, that some lithologies are not maifbcted by the distance from the seismic source
(major control of the lithology on landslides sdistribution), while other are partially affectegl b
the seismic shock, and then on the distance, tiflaenced the landslides size. This fact, that was
found also in the other earthquakes, can have furencte on the previous analysis, as showed,
because different factors can control the landslgiee distribution and the lithology is one ofrthe
Relatively the methodology applied, the DP meth@idrohas problem in the fit of the data, and
showed a exponent values of 4: the reasons opthldem are discussed in the previous analysis.
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7 Analysis of landslide event magnitude as a functioof earthquake magnitude

7.1 Landslide size as a function of earthquake magnitusl

The landslide event magnitude can be expressedrinstof landslides area. The area-frequency
distributions of landslides were examined by depigg logarithmically binned, non-cumulative
size frequency distributions that report frequedeysity (f = dN/dA) as a function of landslide
planar area A (dN = number of landslides with agaabetween A and A+dA). For the analysed
earthquakes, a linear fit is performed, after datervalues of landslide size, to define the scalin
exponent,a, of the distribution. The following values wereufa: Niigata-Chuetsu Earthquake,
Japanp = -2.36; Northridge, USAq = -2.39; lwate-Miyagi Nairiku Earthquake, Japars -1.93;
Papua New Guinea Earthquakes -2.05; Iningahua, New Zealand = -2.53; Chi-Chi, Taiwany

= -2.30; Buller, New Zealandy = -2.42; Wenchuan Earthquake, China,= -2.64; Tohoku
Earthquake, Japan,=-2.47, (Figure 125).
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Figure 125.Frequency density vs area for earthquake-induced fadslide inventories (Niigata-Chuetsu, Yagi et al.,
2007; Northridge, Harp and Jibson, 1995; Iwate-Miyai Nairiku, Yagi et al., 2009; Papua New Guinea, Maier

2008; Buller and Iningahua, Parker, 2013; Chi-Chi,Liao and Lee, 2000, Wenchuan, Xu et al., 2013; Toko,
Wartman et al., 2013). Lines represent the fittingcurves of the power-law range of each inventory.
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Figure 126. Relationship between the earthquake Mafude and the frequency density, f, for earthquake
induced landslides.

By analysing the frequency size relationships fatlegjuake-induced landslides (Figure 125) it is
possible to observe that the higher the earthqha&gnitude, the higher the frequency density
curve. The only exception is Tohoku earthquake,thist is related to the position of the dataset
respect the seismic source. The earthquake occatradery high distance from coast of Japan in
the seduction zone, for this reason the landslatessmall in relation to the magnitude of the
earthquake.

To quantify the observation above, the power-lalati@nships derived for each available inventory
were used to calculate the frequency density aatsatio selected landslide size (in area), andthes
frequencies were plotted as a function of the ntagei of the respective earthquakes (Figure 126).
For each area value, a clear linear trend existsdam earthquake magnitude and logarithm of

landslide frequency density.

7.2 From landslide inventory to earthquake magnitude

This linear trend can be used to estimate the @g@enagnitude for historical landslide inventories
for which a magnitude is not available, e.g. Cinileentory. The size frequency distribution of the

Chile inventory presents a strong undersamplingioaller landslides, due to the extremely old age
of the inventory. For landslides larger than 2-if, the distribution exhibits a power-law behavior

with scaling exponenty, equal to -2.24 (Figure 127).

Through the fitting curve identified for each lahds size (Figure 126), it is possible to define th

frequency density for the Chile inventory associatthe selected landslide size.
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The three largest landslides in the inventory @JWlinimini and Latagualla, see chapter 4.8) have
been excluded from this analysis, and three passit#narios were considered (Figure 128):

1) all landslides triggered during 1 single eartdc)

2) landslides triggered during 3 equal-magnitudéheaakes;

3) landslides triggered during 10 equal-magnituaithguakes.
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Figure 127. Frequency density vs area for the Chilénventory and the others earthquake-induced landglle
inventories. Lines represent the fitting curves othe power-law range of each inventory.
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Figure 128. Relationship between the earthquake Maitude and the frequency density, f, for earthquake
induced landslides. The extrapolated linear relatinships between magnitude and log(f) was used to calate the
expected Magnitude of earthquake (or multiple eartiquakes) required for Chile landslides triggering.

As a results, for scenario 1, 2 and 3 an estimedethquake magnitude of 8.67 +0.23, 8.37 £0.20,

8.05 +0.16, respectively were obtained. In a previwork, Crosta et al. (2014) analysed the same

literature event reported in this work (Buller aimthgahua; Northridge; Chi-Chi; Wenchuan) and

the estimated earthquake magnitude was 8.71 £+ 8.89,+ 0.02, 8.03 £+ 0.02 for scenario 1, 2 and

3, respectively (Figure 129). The inventory of enchuan earthquake in Crosta et al. (2014)

referred to the dataset published in Parker (2@h8)it is different from the inventory used insthi

work (Xu et al., 2013). Instead, the inventory adrifiridge is the same. As it is possible to see, th

uncertainty in the estimation of the magnitude teglato the three scenarios is very different in

range. In the analysis of this thesis three newentwry related to the Papua New Guinea

earthquake, Niigata-Chuetsu earthquake, Iwate-MiMagriku earthquake were introduce.
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Figure 129. Relationship between the earthquake Maitude and the frequency density, f, for earthquake
induced landslides., and expected Magnitude of edrjuake (or multiple earthquakes) required for Chile
landslides triggering; (Crosta et al., 2014).

This three earthquakes have the lowest valueseokthling parametes, for the area-frequency
distribution (Figure 125 and text). They show higthues of frequency density for larger landslides
with respect to the earthquake with similar magtetuand lower values for the smaller landslides.
As a consequence, there is a significant changdleerslope of the fitting curves (the gap increase
with the magnitude), increasing the uncertainty thog estimated earthquake magnitude for the
Chile earthquake. Another difference is the aregdency distribution of the Wenchuan earthquake
inventory. The inventory of Xu et al. (2013) showigher values of the scaling parameteryith
respect to the inventory of Parker (2013)

7.3 Relationship between the earthquake magnitude andhe total landslide volume

An approach, present in literature, to establisélationship between the earthquake magnitude and
the landslide event magnitude, is the relationdlgfween total landslide volume and earthquake
magnitude. Keefer (1994) obtained an empiricalelation between the total volume of landslides
triggered by an earthquake (N and the earthquake's moment magnitude (M). Kegifég4)
considered the total volume of landslide materiaheyated by 16 historical earthquakes, as
determined by several investigators using aeriakquraphs and field investigations. Despite the
wide variety of geological (topography and rockdypgeophysical (earthquake type and depth),
and climatic conditions associated with these egadhke-triggered landslide events, a reasonably
good power-law dependence of the total landslideume Vit on the earthquake's moment
magnitude (M) was established. The data used byeK¢E994; 2002) are given in Figure 130, the
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total landslide volume wagbtained b converting each landslide area to a volume and sog
The least-square bestdine to the log \ .t as function of M data, gives:

logVit = 1.42-M — 11.26(+0.52)
with Vi1 in km®. The error bounds (+0.52) represent the standasdations of the fit. Tis

correlation (solid line), along with the error baisndashe-lines), are given ilFigure 130.
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Figure 130. The total volume of landslides \ .t triggered by an earthquake is given as a function fothe
earthquake moment magnitude M. Also given is thegeiare root of the equivalent rupture area A2 Circles are
volumes of landslides associated with 16 landsligsents. The solid line is the leastsquare bes-fit straight line to

the data; dashed lines give the standard deviationsf the data with respect to the best fi
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Figure 131 Relationship between the earthquake Magnitude andhe total landslide volume of earthquak:-
induced landslides. The fitting line (Malamud et al 2004a) was used to calculate the Magnitude of eaquake
(or multiple earthquakes) required for Chile landslides. The total volume of the earthquak-induced landslide
inventories used, is reported (blue dots
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This approach has been applied to the Chile invgrfiéigure 131), by introducing the total volume
of landslides calculated from areas by using th&ionship proposed by Larsen et al. (2010) for
rock slides (amounting to 45 Kjn an estimated earthquake magnitude of 9.11, 820 were
obtained for scenario 1, 2 and 3, respectively.s€healues are slightly higher than the values
estimated above, but this can be due to difficsltie estimate correctly the volumes. In fact, in

order to obtain the same magnitudes, the totalmelshould be about 20 Rm

7.4 Maximum earthquake magnitude derived by literature curves

Another methodology was applied to identify the miagle of the earthquake or earthquakes that
could have triggered landslides, using literatuteves. Keefer (1984) studied 40 historical
earthquakes identified the relation between magdeiand maximum distance of landslide from the
epicentre. The relation was found for disruptedesknd falls, coherent slide and lateral spread and
flows. This relation was applied to Chile datasebugh the identification of three main structures
that may have triggered the earthquakes (Figurg. I3 values identified are 5.43, 5.63, and 5.31
for the structures 1, 2, 3 respectively (Figure)133

Figure 132. Three structures considered in the angsis.
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Figure 133 Relationship between magnitude anmaximum fault distance from Keefer 1984. For structire 1 a

maximum distance of 38.59 Km was identify on thedsis of the dataset, for structure 2 a maximum disince of

54.04 Km and for structure 3 a maximum distance 080.76 Km. In this way on the basis f the Keefer curve a

values of magnitude were identified.

Rodriguez et al. (1999) provides a significant agien of the database compiled by Keefer.

relation between magnitude and area affected lyslate was used to define the event magnit
The area affected by landslides has been found hwimgea boundary around all reported lands

localities and calculating the size of the regimelesed Figure 135. In this case two scenari

were considered: the scenario in which the landslidere triggered by three different earthqui

related to the three structures and the scenanhioh the landslide are related to a single ev
(Figure 133. The values identifie are 6.21, 5.54, 5.93 for structures 1, 2, 3 respayt (first
scenario) and 6.55 for a single event (second sko).
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Figure 134 Relationship between magnitude and area affectduy landslide from Rodriguez et al. 1999. Throug!
this curve on the basis of the area values a relag values of magnitude were identifie
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Figure 135. The three boundary around all reportedlandslide localities, for the first scenario. The econd
scenario includes these three affected area and theea between them.

7.5 Discussion

The methods adopted for the back calculation ofmtade are extremely different. It is possible to
see that methods based on the distance from tlterégaiure and the area affected by landslides
shown very low values of magnitude. Considering tra earthquake with a magnitude of 7.8 in
Tarapaca region (2005) did not trigger landslidess not reasonable to think that these values of
Mw may be responsible for such extensive landslidiée main reason for such low values can be
found in the fact that small landslides are absgeiie available dataset. This is related to tho¢ fa
that the landslides in the region are very old #ra smaller ones have been eliminated by the
passage of time or incorporated in the major. Weamsidering the maximum distance from the
fault rupture, it is possible to assume that theanilandslides are also the most distal and,
consequently, there is an underestimation of theiimam distance which leads to lower values of
magnitude. Similarly in the case of the area affédiy landslides, the limitation of the dataset in
terms of extension leads to lower values of arearaagnitude.

The method based on the size distribution of laddslfor known events is not affected by the
absence of small landslide in the dataset. Intfaetfrequency of the smallest landslides are fitted
from the trend of the major events. Hence, the ealof magnitude identified are more coherent
with the historical information. The method related/olumes, it is less sensitive to undersampling
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of smallest landslides, because the values of tlame is strictly controlled by the largest
landslides through the formula of Larsen et al1(®0

As a conclusion, the analysis based on distanceadcan only be realized on inventories created
immediately after the event and not on an histbdesaset in which the smallest landslides can’t be
recognized. The last two methods are more relistoterm of magnitude values for this study, but

other analysis have to be done in order to vehiéreliability.
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Earthquake-induced rockfall hazard zoning

8 Methodology for earthquake induced hazard zoning

The overall methodology adopted in this study fockfall hazard zoning is presented in Figure
136. Rockfall hazard at a given location on a raltfrone slope is assumed to be a function of
rockfall annual frequency of transit at each lamatit,nuy Maximum block kinetic energyy,eand
maximum trajectory height, h. This approach assekaeard by taking into account both rockfall
frequency and intensity, as function of velocity,emergy, and fly height of blocks. The required
variables can be computed for each grid cell @reain surface by performing 2D or 3D numerical
modelling at a suitable level of detail. Similatty Crosta and Agliardi (2003), rockfall hazard is
expressed through and index that represent theitndgrof the modified "Rockfall Hazard Vector"
(RHVmog) defined as:

RHY,of =Pt EL +H? (1)

where Bnnua Ex and H are indices obtained by reclassifying froto 3 (Table 27)fna &, and h,
respectively. The threshold of and h classes are defined considering the dimemsid energy of
typical countermeasures (barriers and embankmd@s)sta and Agliardi, 2003). The class
thresholds of f,nua have been defined considering individual risk atalility criteria. In fact,
assuming that the impact of a block on a persomlwgys lethal, the frequency of transit
corresponds to the individual risk, defined, as phebability that an average unprotected person,
permanently present at a certain location, is di(Bottelberghs, 2000). Thenfuaclass thresholds
correspond to the limits of tolerability (£0per year for new developments,“10per year for
existing developments) for non-volunteer risk sashrockfalls (Geotechnical Engineering Office,
1998).

The annual frequency of transit for each cellnfiis obtained by combining the annual onset
frequency, §nset (i.€., the expected number of detachment eventsger) with the results of the
rockfall propagation model:

c

f :fonsetN (2)

annual

where c is the number of transits for each cell Bnd the total number of blocks simulated from

the entire cliff.
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Figure 136.Workflow of the methodology adopted in this article See the text for more detai

Table 27.Intervals classification for the variables involvedin the modified RHV hazard assessmer

Value Transit Maximum Maximum Annual transii
frequency, kinetic trajectory height, frequency.
C (#) energy! h (m) fannual
& (kJ)
0-10 0 - 1000 0-4 0-10°
10 - 50 1000 — 5000 4-10 10° - 10*
> 50 > 5000 > 10 > 10*

For the calculation of,fset0f rockfalls triggered by earthquakenew procedure is proposed ba:

on a statistical and probabilistic analysis of fadlkriggering. This procedure consists in 3 st

- Definition of an empirical function for the probéty of rockfall as afunction of

morphometric variables and PGA, through discrimiraaralysis

- Calculation and mapping of the rockfall unstableaafor different annual frequency

occurrences by applying the empirical probabilitgdtion

- Calculation of the expected anl number of blocks potentially detached for e

predefined annual frequency of occurrences comditiie unstable area maps with

rockfall Magnitude Frequency (MF) relationst

- Integration of different scenarios and calculatbthe annual onset iquency fonst.
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9 Case study description

Geological structures
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Figure 137. Geological map of the study area (modéd after Carulli, 2006).

Rockfall hazard analysis has been performed fase study in the municipality of Venzone (UD)
affected by the 1976 earthquake and for which s#emckfall activity occurred (Figure 137). The
discriminant analysis covers an area larger than itiside the Tagliamento Valley (Figure 137).
The geology of the pre-Alpine area of Friuli Verse#biulia is characterized by a series of
lithologies ranging from the Upper Trias sedimeyntaycks to the Quaternary deposits (Carulli,
2006). The most common lithofacies is Norian dotemand other formations consist of Jurassic
limestones, Cretaceous calcareous marly flysch ainitlyschoid and terrigenous, conglomeratic
(Eocene-Miocene) sequences more to the south. Wadayers of breccias and cemented
conglomerates of Early Quaternary age outcropkeriagliamento valley. In the whole region, the
recent unconsolidated, alluvial, moraine and tadieposits occur (Figure 137). The tectonic
conditions of the area are characterized by intéolskng and faulting, with a dominat structural
system of E-W trending, N-dipping reverse faultar(@li, 2006) of which the most important is the
"Periadriatic Thrust”. Other systems of subordinftelts divide the sedimentary series into
irregular blocks. The regional structures strongfiuenced the development of the relief consisting
of a series of E-W almost parallel ridges interegpby the broad glacial valley of the Tagliamento
river.

The Friuli-Venezia Giulia Region is part of an metigeodynamic context between the Adriatic

microplate and the European plate. In the Regiéne&thquakes occurred in the last 700 years
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with magnitude larger than 5 (Rovida et al, 20&ijure 138). The areas most affected by the
earthquakes are well defined along the valley ef Tlagliamento River (from Buia-Tarcento to
Tolmezzo), the last part of the Fella River vallagd neighbouring areas. According to the seismic
hazard map of Italy (Working Group MPS, 2004), histarea the peak ground acceleration with a
10% exceeding probability in 50 years (i.e., retpeniod of 475 years) ranges from 0.20 g to 0.275
g. These values are the highest in northern Italy.

epicentre 1976 Friuli earthquake
‘,ﬁ{ Cipar, 1981
¢  Slejko et al, 1999
Y  Aoudia etal, 2000
%  Waldetal, 2006
Y%  Burrato et al, 2008
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Figure 138. Peak Ground Acceleration map of 1976 kuli earthquake (after Wald et al, 2006). Stars initate the

epicentres identified in literature. Circles show he historical earthquakes in the area, with a thiker line is
evidenced the 1976 sequence. The main geologicaiustures as identified by Aoudia et al. (2000) arealso
reported.

9.1 1976 Friuli earthquake

The May 6, 1976 Friuli earthquake (Mw = 6.46 = Q.8%ejko et al., 1999) was one of the largest
historical events in Northern Italy. The affectegaawas the middle valley of the Tagliamento
River (Figure 137), but a huge number of towns nieigrarea suffered intense damages. A total of
119 municipalities in the provinces of Udine andd@mone were damaged. Despite the well-known
high seismicity of the region, most of the affectas (e.g. Gemona) were not classified as
exposed to seismic risk at that time and were abjest to any specific building legislation at the
time of the earthquake.
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The main shock was preceded by a Mw 4.83 + 0.2%farck (Slejko et al., 1999), and followed by
a strong aftershock sequence (Moratto et al, 200®. largest aftershock occurred on September
15, 1976, with a magnitude of 5.98 £ 0.15 (Slejkale 1999).

This seismic sequence has been the subject ofatestedies (Ambraseys, 1976; Zollo et al., 1997;
Cipar, 1981; Slejko et al., 1999; Aoudia et al.0@0Pondrelli et al., 2001; Perniola et al., 2004;
Galadini et al., 2005; Burrato et al., 2008), the tausative geological structure and related-fault
rupture process remain partially unknown. Aoudialet(2000) and Perniola et al. (2004) models
have been recently evaluated as the most reasomabdtation to existing tectonic features and
seismological data (Costa et al., 2009). Aoudialet(2000) revisited the seismic sequence by
combining relocation of hypocentres, inversion ohd-period waves and field geology. They
identify a single E-trending active deep structdingded into three sectors: the Susans, Buia and
M.t Bernadia structures. The fault rupture zon28% km long and 11.2 km wide. The hypocentre
is 7 km deep and located to the North of the Baenktbuntain. Aoudia et al. (2000) were the first
to propose a finite-fault model for the main shoéMay 6th, and their model has been adopted in
this work to define the distance from the epicentre

9.2 Rockfalls triggered by 1976 Friuli earthquake

Four inventories have been compiled for rockfaliggered by the 1976 Friuli earthquake (Figure
139-a and Table 28). The Tagliamento Valley (TVgkfall inventory covers about 630 Km

(Figure 137) and was compiled by Govi et al. (19M8pugh systematic photointerpretation of two
series of aerial-photo taken soon after the. Therpnetation was completed by field survey on the
sites of the most important landslides. The invgnioap, 1:50,000 in scale, includes 1,006 rockfall

events mapped as points and, only for larger rdiskfaolygons.

Table 28. Areal extent and events number for the mpared rockfall inventories (see Figure 139 for lation
map).

Rockfall Inventories Name Area (knf) Authors n° events
TV Tagliamento Valley 630 Govi et al. (1976 1,006
GdF Gemona del Friuli 33 Broili et al. (198D) 216
vz Venzone 28 Broili (1977) 925
VS Villa Santina 6 Onofri (1995) 19
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- | Gemona del Friuli

Figure 139. Rockfall inventories acquired of the 186 Friuli earthquake area. a) Tagliamento Valley inentory
(TV, red dots) and Villa Santina inventory (VS, cya dots); b) Venzone inventory (VZ, blue dots); c) @mona del
Friuli inventory (GdF, green dots).

The Gemona del Friuli (GdF) rockfall inventory cev@3 knf of the Gemona municipality (Figure
139-c). The 1:5,000 inventory map was complete®@imyli et al. (1980) through an extensive field
survey, and it contains 216 rockfall events. Focheeockfall, the point-like source areas, the
trajectories and the position of the arrested Idaole mapped.

The Venzone (VZ) rockfall inventory covers 28 kmf the Venzone municipality and includes
rockfall events in the areas of Venzone, Portignt@aand Pioverno (Figure 139-b). The map was
realized by Broili (1977) through an extensive dieturvey for the Comunita Montana del
Gemonese at 1:5,000 scale. The inventory conta2dsr8ckfall events. This dataset, unlike the
others, shows the rockfall sources as lines. Tainl# point-like source, the midpoint of each line
was used. For sources longer than 20 m, the mitipoirthe two segments originated by splitting
the source line were further used. The inventosp ahows the trajectories and the position of the
arrested blocks.

The Villa Santina (VS) rockfall inventory (Onofril995) covers 6 kfof the Villa Santina
municipality (Figure 139-a) and results from an iaegring geological survey carried out to
redefine the maximum invasion limit of rockfall bl in Villa Santina. The map, 1:2,000 in scale,
includes 19 events mapped as points. The investbiawe been digitalized to create a geographic
database. Accurate analysis of data and availaldges has been completed to perform a precise
and accurate remapping starting from old topog@ptaps.
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9.3 Magnitude-Frequency relationship for rockfalls

In order to characterize the frequency size ratstigp of rockfall in the study area, three rockfall
volume datasets have been compiled (Figure 14@® fif$t dataset (B_FS) was compiled through a
detailed field survey carried out in 2010. Durihg field activities, the volume and GPS position of
1127 blocks evenly distributed along the screeeshpre collected. For these blocks the date of
detachment is unknown. However, considering thatit76 earthquake sequence reactivated the
entire slope and that no other major rockfalls hbeen reported since then, it is reasonable to
suppose that most belong to the 1976 earthquakes.s€cond dataset (B_AF) was compiled
through the interpretation of the 1977 aerial pbdi@ken at an altitude ranging from 1,800 and
4,000 m, and includes 634 blocks fallen during #agthquake sequence. Due to limit in the
resolution of the aerial photos, blocks smallenthian? were not recognized and mapped. The last
dataset (B_VZ) comes from Broili (1977) and inclad@4 blocks (only 54 with reported volume),

also related to the earthquake sequence.

o Tl W
= 5 - :

Figure 140. Rockfall blocks datasets for which volme data is available. B_FS: blocks mapped by fieldurvey
(2010), B_AF: from 1977 aerial-photos interpretatio, and B_VZ: blocks taken from the historical map lased on
post-event detailed field survey (Broili, 1977).

For the different datasets, non-cumulative logamithbinned magnitude frequency relationships
(MF) were developed (Figure 141), reporting frequyedensityf = dN / dV as a function of rockfall
volume V (dN = number of rockfalls with volume betwean and V+dV). For all datasets, a
deviation from power law can be observed for blosksller than 1 thdue to undersampling of

smaller blocks. For blocks larger than®magnitude-frequency data have been interpolate avit
power law function: f (V) =aV ™, whereb is the power-law exponent, aads a constant. Thi

exponents obtained for the inventories range betwle84 and 1.75, in accordance with values

presented in the literature for rockfall eventsk€a29).
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Figure 141. Magnitude-Frequency relationships (MF¥or the available datasets (see text for symbols drfig. 4).

Least-square best fitting power-law functions are eported for each dataset.

Table 29. Power-law exponents from rockfall inventdes in the literature and in this work.

Site N b Reference
Alberta, Canada 409 1.7 Gardner, 1970
Yosemite, California 101 1.4% Wieczorek et al, 1992
British Columbia, Canada (Highway 99) 389 1.43Hungr et al, 1999
British Columbia, Canada (Highway 1) 123 1.40Hungr et al, 1999
British Columbia, Canada (BCR) 64 1.70Hungr et al, 1999
British Columbia, Canada (CP) 122 1.65Hungr et al, 1999
Grenoble, France 87 1.4{1 Dussauge et al, 2003
Hong Kong, China 201 1.90 Chau et al, 2003
Umbria, Italy 157 2.07| Malamud et al, 2004b
Santa Coloma, Andorra 5000 1.92 | Santana et al, 2012
Christchurch, New Zealand 325 1.07Lari et al,2014
B_FS 1127 | 1.34
Venzone, Friuli, Italy B VZ 634 | 153 This study
B_AF 54 1.75

* obtained by a stochastic approach based on spatiigcontinuity sets surveyed by Terrestrial LeSeanning.

9.4 Independent variables for the statistical analysis

The statistical analysis used both topographic sgidmic variables. Topographic variables were

extracted from two different terrain surfaces: atetipolated 10x10 m DEM derived from contour
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lines of 1:10,000 topographic maps and a 1x1 m IRDBEM. The LIDAR data (Friuli Venezia
Giulia, 2010) were collected by helicopter witharerage density of 4 points per square meter.
The considered morphological variables are theeskmgle, the slope aspect, the vertical distance
from ridge, and the curvatures. Slope angle anpestspect have been calculated using the Horn
(1981) land surface model. Slope aspect is thetite of maximum slope and it is related to some
factors that may control rockfall occurrence, sashwinds direction, rainfall, exposure to sunlight,
control of rock mass discontinuities, direction sgismic waves (Dai et al, 2011). The vertical
distance of each point from the ridge was usedpoess the increase of rockfall susceptibility due
to the tendency of seismic waves to be amplifiedara the top of the ridge (Meunier et al, 2008).
The vertical distance is obtained through a flowhpautine. Total and profile slope curvatures also
express the effect of topographic amplificationngloidges and scarps. They have been calculated
using the Zeverbergen and Thorne (1987) land seimfiagdel. Negative values represent concave
surfaces, a zero curvature represents a flat syrfand positive curvatures represent convex
surfaces. To account for the effects of curvatuaeglifferent scales, the variables have been
calculated with different resolution by resamplDBMs at 1, 10, 30 and 90 m.

Three seismic parameters have been used: the PealndsAcceleration (PGA, cnfls the
hypocentre distance and the difference betweenlitketion of the seismic wave, in plan, and the
local slope aspect. PGA values were obtained frioenShakeMap model produced by the U.S.
Geological Survey Earthquake Hazards Program (Waldl, 2006). The map was developed by
using 13 instrumented stations and a large numiieMadified Mercalli intensity (MMI)
observations used as constraints by treating theeesities and associated ground-motions as
“data” (Wald et al, 2006). To convert the MMI vatugn PGA values a power law relationship is
used in the ShakeMap model (Wald et al, 1999).tRerrange \< MMI < VIII, the power-law
eqguation is:

lmm = 3.66 log(PGA) — 1.66 c£1.08) (3)
The Friuli 1976 earthquake shake map only accdienthe peak horizontal acceleration, since the
vertical component was smaller than the horizoowahponent. In the studied area, the value of the
PGA ranges between 235 and 922 ém/s

The hypocentral distance was calculated as therdistin meters of each grid cell from the
hypocentre of Aoudia et al. (2000) located at atlley 7 km. Finally, the absolute value of the
cosine of the angle,, between the direction of the seismic wave, impénd the local slope aspect
has been calculated. This variable assumes a wdl@ewhen the slope is perpendicular to the
direction of propagation. In this case the dirattf vibration, orthogonal to the direction of

propagation of the wave, is directed parallel to stope and it is the most unfavourable condition
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for rockfall. Instead the variable assume a valfiel avhen the slope is parallel to the wave
direction, i.e. the most favourable condition fackfall, because the direction of vibration is
oriented out of the slope. Lithology was not coesadl in the analysis because the study area lies

almost entirely within dolostones.
9.4.1 Field validation of PGA Values through precarious lalanced rock approach

In order to assess the reliability of the peak gacceleration values of the ShakeMap model
produced by the U.S. Geological Survey Earthquakeaktls Program (Wald et al, 2006), the

precarious balanced rock for the definition of tjuasi-static acceleration is applied.
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Figure 142. Location of the Precariously Balanced &cks recognized in the Tagliamento Valley.

In this study, 27 rocks (Figure 142) were testedtie quasi-static toppling acceleration:

A=g- tan
where g is gravitational acceleratianjs the angle between the vertical and the lineugh the
rocking point and the center of mass of the rodie Tocks were identified during a field survey in
the area affected by the 1976 Friuli earthquakeyTlwere successively classified on the basis of
the level of certainty in three classes: 1 - s@repossible, but with uncertain boundary condgion
3 - uncertain mechanism (Table 30, Figure 143).
If we consider the values identified though thepmsed methodology versus the values of the
ShakeMap model produced by the U.S. Geological SuBarthquake Hazards Program (Wald et
al, 2006) (Figure 144), it is possible to obseroemost of the times the ShakeMap acceleration is

higher than the corresponding PBRs value. In pddicthere is a high level of dispersion for the
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rocks classified in the third class. The rocks sifeedd in the first class show values always lower
than the ShakeMap ones, except for two cases.odks in the second class have a good trend with

values close to the ShakeMap ones.
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Figure 143. PBR values of peak ground accelerationyith relative level of certainty: 1 - sure; 2 - pasible, but
with uncertain boundary conditions; 3 - uncertain mechanism. In background the ShakeMap provide by the
USGS. The colors for the ShakeMap and the PBRs vads is the same.

Figure 144. Quasi-static acceleration versus Peakr@ind Acceleration derived from USGS shakemap. Sdext

for the legend.
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Table 30. Precariously Balanced Rocks recognized ofield, with relative level of certainty, Quasi-stdic
acceleration (A, eq.1l) and value at the same poifior the ShakeMap model produced by the U.S. Geologal
Survey Earthquake Hazards Program (Wald et al, 2006

Block nameg Certainty| Static Acceleration (A, cm/s/§)JSGS PGA (cm/s/s)
1 1 467.81 628
11-2 1 679.29 706
11-3g 1 679.29 392
1-3g 1 694.33 275
1-4g 1 462.04 667
15-3g 1 448.57 667
16-3g 1 392.68 667
17-3g 1 195.17 667
19-3g 1 275.79 667
2-4g 1 271.70 667
3-4g 1 317.40 628
4-4g 1 457.58 628
5-2 1 195.32 589
5-5¢ 1 373.11 510
3-3g 2 299.89 314
4-2 2 484.85 628
5-3g 2 240.12 353
6-2 2 477.77 589
7-2 2 339.04 549
7-3g 2 508.96 392
12-3g 3 474.41 392
13-3g 3 908.09 392
1-5g 3 1092.79 589
2 3 649.05 628
2-2 3 558.41 667
3-2 3 363.10 628
8-4g 3 25.63 706

Since the precariously balanced rock data représentpper bounds, the PBRs values should be, in
theory large than the actual acceleration. In theliFcase study, it seems that the values for the
hazard maps proposed by the USGS are too high. Woweve have to consider also the low
number of precarious rocks present in the studg,amed a possible error in the procedure, in
particular in the way in which the photo were malemetimes it is difficult to realize a picture
perfectly perpendicular to the direction of possitiovement of the block. For a correct use of this
methodology, further investigation, including chieck the rock ages, will be required to more
definitively reduce the various uncertainties.

In conclusion due to the uncertainty in the methoglp the ShakeMap values have been used for

the analysis.
153



10 Analysis

10.1 Annual onset frequency

The first step for the assessment Qfof rockfalls triggered by earthquakes is the dalibon of

the extent of rockfall unstable area for differaninual frequencies of occurrence. To this aim, a
discriminant function analysis has been perfornmdafl the rockfall inventories available in the
study area. This analysis allows to classify getiscalong the cliffs as stable or unstable (0 &nd
as a function of morphometric and seismic variabldge discriminant function analysis has been
performed on a dataset of points that are a-pdentified as stable or unstable. The unstabletpoin
correspond to rockfall source areas of events tegan the inventories used for the analysis (Table
31). The stable group has been created as a sah@dm points in the cliff area with a distance
larger than 50 m from unstable points (Table 31isTallows to avoid overlapping of the two
datasets. The distance of 50 m has been seleatsitiedng the spatial uncertainty in the mapping
of actual rockfall events.

Table 31. Rockfall inventories and DEM used to devep the discriminant models.

Model Inventory Area DEM resolution | Event Points | Randm Points | All Points
TV_I1 LIDAR Im 280 (31%) 625 (69%) 905
TV_I10 TV 10m 280 (31%) 625 (69%) 905
TV10 inventory 10m 1006 (15%) 5780 (85%) 6786
GdF_I1 LiIDAR Im 216 (35%) 400 (65%) 616
GdF_I10 GdF 10m 216 (35%) 400 (65%) 616
GdF10 inventory 10m 216 (35%) 400 (65%) 616
VZ |1 LIDAR Im 925 (36%) 1637 (64%0) 2562
VZ_110 \'74 10m 925 (36%) 1637 (64%) 2562
VZ10 inventory 10m 925 (34%) 1800 (66%) 2725
GdF VS 11 | GdF+VS LIiDAR im 235 (35%) 444 (6pPo 679

By a stepwise procedure, the discriminant analgsiscts variables that are most relevant for the
classification of stable and unstable points; 60P4he original inventory was used to train the
model, while the 40% to validate the performancdahaf discriminant analysis. The F-Fisher to
enter, k, and to exit, ky, was adjusted to obtain a comparable number @divias for the different
analyses. At each step of the stepwise procedoeeydriable is selected into the model if its F-
Fisher statistic value is greater thap Bnd removed if less than& The values were selected to
keep low the number of variables. This reducespdréormance of the model in classification, but
allows a better understanding of the role of défdrvariables, because it reduces the risk of
collinearity among the selected variables. The irfgmze of each predictor is evaluated by the
value of the standardized discriminant coefficiemhose sign depends on the tendency of the
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variable to classify objects in either the positiwe the negative group. The positive group is
represented by cells with rockfall, hence, a pesitcoefficient indicates a tendency to favour
rockfall susceptibility.

The discriminant models selected from 4 to 8 indejat variables (Table 32). Among these
variables, the slope angle has been selected bmalkls. Slope angle almost always shows the
highest standardised discriminant coefficient (9fh0dels), with positive values. PGA is the
second most important variable selected, usualtj positive coefficients. The only exception is
for all VZ models where the PGA coefficient hasheall negative value. This is probably related to
the position, the shape and extent of the model, &oe which the PGA values are poorly variable.
The third most important variable is the slope atmve with a raster resolution of 90 metres (8/10
models). Only the VZ10 and TV10 models do not ideluhis parameter. Among the other
topographical variables, the slope aspect resigtsfisant for five models but with different signs
and small value of the standardized coefficientse Vertical distance is taken into account by four
models, with negative sign, suggesting that aneese of the distance from the ridge causes a
decrease of the number of possible source areasevww, the low value of the standardized
discriminant coefficients indicate a lower impotarcompared to the other variables. The profile
curvature, with different cell size, is one of tariables less considered in the analysis (at rBost
models of 10). This is probably due to the fact tha profile curvature is strongly correlatedhe t
slope curvature.

About the seismic source parameters, the hypodeahstance and |cofare selected in six and two
models, respectively. The hypocentral distanceelscted with high standardized coefficients (>
0.3) by four models, but with different sign.

The quality of the models has been evaluated bynmehROC (Receiver Operating Characteristic,
Figure 145) curves (Yesilnacar and Topal, 2005,ugeg, 2006, Gorsevski, et al, 2006; Frattini et
al, 2010) considering the validation subset forheamdel. Models based on GdF and GdF+VS
inventories have the highest accuracy (Area UndeCRCurve, AUC, between 0.88 and 0.94 for
validation dataset). This is probably related te figh quality of the original database, in terrhs o
accuracy in locating events on the map, also dukescale of the work. The TV models show the
lower performance quality (AUC lower than 0.77)edwo the greater area covered by the dataset
and to the lower reliability of the original infoation at scale 1:50,000.

In order to proceed with the calculation of theeextof unstable area for the rockfall hazard zoning
a new discriminant model (TV10_3variables) was quenied, based on the TV inventory with a 10
m resolution DEM, further limiting the number ofeplictors to the ones that have been more

selected by the whole set of models: the slopeeartige PGA and the 90 m curvature (Table 33).
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The TV inventory was preferred for the hazard zgnibecause it covers a larger area with a
stronger variability of the variables. For thisgea, the TV10_3variables model is considered more
robust and efficient in prediction than the others.

Table 32. Variables selected by the discriminant ndels. Variables showing a standardized discriminantunction
coefficients (SDFC) larger than 0.3 are presentednibold. n.s = unselected by stepwise procedure; n.=
unavailable for the analysis. The centroids of thgroups, that are the mean discriminant scores forach group

(0,1), and the F, e K, values are also presented.

Sdfc, Standardized Discriminant Function Coefficients
# models/tota
Models TV_I1 | TV_I10| TV10 | GdF_I1| GdF_I10| GdF10| VZ_I1 | VZ_l10| VZ10| GdF_VS_lI1
PGA (cm/<) n.s. 0.30 0.77 0.41 0.39]| 0.29 | -047| -0.53| -0.44 0.94 9/10
Slope 0.83 0.90 0.89 0.99 0.90 0.713 0.80 0.93 Q.94 1.01 10/10
Aspect n.s. n,s n.s. -0.13 -0.14] n.g n.s. 0.28.405 -0.12 5/10
Hypocenter Distance (m) -0.32] -0.16 | 0.49 n.s. 0.14 0.48 n.s. n.s. n.s. 0.60 6/10
|cosa| n.s. n.s. n.s. n.s.| -0.35 -0.38| n.s. n.s. n.s. n.s. 2/10
Vertical Distance (m) n.s. n.s. -0.14 n.s. -0.18 -0.20 n.g. n.g -0.17 s. n. 4/10
im n.s. n.s. n.a. n.s. n.s. n.g. n.p. n.p a. n.s 4 0
10m n.s. n.s. n.s. 0.24 n.s. n.g. n.p. n.p S 0.2p /10 2
Slope curvature
30m n.s. n.s. n.s. 0.23 n.s. 0.1p 0.32 0.51 n.s. 0.21 5/10
90m 1.11 0.64 | ns. 0.17 0.26 0.24{ 0.66 0.16 n.s. 0.16 8/10
im -0.28 n.s. n.a. n.s. n.s. n.g. n.p. n.p .a. n.g 1/4
10m 0.21 n.s. n.s. n.s. n.s. n.g. n.p. n.p .S. n.g /10 1
Profile Curvature
30m n.s. -0.21 n.s. n.s. -0.24] n.g. n.p. 0.39 n.s. n.s. 3/10
90m 0.95 052 | ns. n.s. n.s. n.s.| 0.37 n.s. n.s. n.s. 3/10
Centroid of the "no Rockfall" group -0.30 | -0.32 | -0.14 -0.67 -0.78 -0.86 -047 -0.%3 420 -0.61
Centroid of the "Rockfall" group 0.69 0.7¢ 0846 6.3 148 1.57 0.82 0.90 0.8p 1.17
Fin 2 2 11 2
Fout 1 1 10 1

Table 33. Standardized discriminant function coefftients (SDFC) of the TV10_3variables The centroidsf the

groups, the K, e F,; values are presented.

TV10_3variables sdfc
PGA (cm/s) 0.551
Slope 0.801
Slope curvature 90m 0.235

Centroid of the "no Rockfall" group  -0.137

Centroid of the "Rockfall" group 0.789
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Figure 145. ROC curves for the validation subset othe developed models. Area under curve (AUC) forazh
model is reported. See tables 2 and 4 for explanati of the legend.

The robustness of the model to variation of theuingata has been tested by assessing the
uncertainty in the susceptibility estimate of indival mapping units (Guzzetti et al, 2006).
Hundred different random sampling of training aralidation subsets were generated, and the
TV10_3variables discriminant model, with these stbswas developed. Then, the value of 2
standard deviations for each mapping unit was gdois a function of the mean value of the
unstable-group membership probability (Figure 14@)e 2 standard deviation is considered as a
proxy for model error (Guzzetti et al, 2006). Aseault, it is observed that the error is very low,
especially for mapping units characterized by lowd &igh occurrence probability (Figure 146-a).
For intermediate probabilities, a higher varialibf the model errors is observed, with a few point
showing a relatively high error. For comparisore game analysis for the GdF inventory was
performed (Figure 146-b), which show larger modebrs and an overall smaller robustness. This
result is probably due to the number of mappingsumsed for the statistical analysis.

For the TV10_3variables model, the raw discriminfamiction and the unstable-group membership

probability, were obtained. The latter, represeats empirical function for rockfall onset

probability, R:
1
P =l (4)
1+e( 108 j

where D is the discriminant function:
D=-462+0.065*S + 0.004 * PGA + 0.27 * C90m (5)

157



where S the slope angle (degree), PGA the peakndraaceleration (cmflsand C90m the slope
curvature with a cell size of 90 m.

By using in this function PGA values with differeaminual frequency, it is possible to associate the
temporal probability to rockfall onset probabiliffhe incremental annual frequencies, i.e. number
of occurrences of events with binned PGA values,(PGA falling between PGAI and PGAI +
APGA), have been calculated from the exceedancepildly values reported in the seismic hazard
scenarios published by Working group MPS (2004)assuming a Poissonian model of event time
distribution. In particular, 10 scenarios have beesed, as reported in Table 34. For each
incremental frequency scenario, the upper PGA vé@R@A + APGA) of the corresponding bin
was assigned and used in the discriminant funcfibrs is a conservative approach, since the PGA
within each bin actually falls between PGéhd PGA+ APGA.

With this approach, an upper and a lower bound Ishba assigned to the frequencies. For the
upper bound, the maximum exceedance annual fregueported in Working group MPS (2004) is
used, corresponding to a return period of 30 ybl@8&4). Since seismically-induced rockfalls have
been not observed after the 1976 event, this ufppquency bound seems reasonable. The lower
frequency bin (Table 34), was associated to a P@#esponding to the maximum value observed
during the 1976 event (about 0.94 g). This valgaifcantly exceeds the PGA value with a return
period of 2500 yr (about 0.48 Q).
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Figure 146. Landslide susceptibility model error. he graphs show the mean probability value of 100 fierent
random sampling of training and validation subsetdor the TV inventory (a) and the GdF10 inventory (8. The
relative frequency for stable and unstable mappinginits is also reported for both the models.

158



In this way, nine maps of rockfall onset probabjlf (eq. 4), with different incremental annual
frequency of occurrence were obtained (Figure 1fi¢se maps have been reclassified in two
classes (stable and unstable) by considering uesaiilgrid cells with B> 0.5 (

Table 32). The analysis was performed only along the cliffexclude the possibility that a high
probability was found along human structures sushraad embankments, ditches and passive

countermeasures.

Probability [l o-025 [ Jo2s5-05 [ Jos-07s [l 075-1
Figure 147. Maps of empirical rockfall onset proballity for a part (e) of the the Venzone cliff areawith

incremental annual frequencies of occurrence of: a).0133, b) 0.0039 c) 0.0029, d) 0.0006. The inseaf the
rockfall onset probability associated to a decreasef the frequencies of occurrence is due to the PGxralues,

which are greater for small frequency of occurrence

The second step for the assessment@f; bf rockfalls triggered by earthquakes is the dalwon

of the expected annual number of blocks detachede&mh incremental annual frequency of

occurrence, starting from the unstable area mapgnGhat the total unstable area is the sum of
many different events with different volumes, ars$uaning that the relative frequency of these
events with different volumes follows a known MHFatenship (Hungr et al. 1999; Dussauge et al.
2003), then the number of events was calculateddonting the total area with the integral of the
MF curve, expressed in terms of area (Table 34)reid48). For this analysis, the MF relationship
of the field-survey volume dataset 2010 has beed (Big. 4, red dots), converting the rockfall

volumesV, in areasA, considering a cubic shapez= V 23,

Taking into account all scenarios (Table 34, Figl48), the total expected annual number of

rockfall events amounts to 0.92 per year. This eatarresponds to the annual onset frequency,

fonset

159



Table 34. Expected annual number of blocks for eacimcremental annual frequency of occurrence. In thdable,
the hazard scenario from Working group MPS (2004) it terms of probability of exceedance in 50 yearsthe
corresponding exceedance annual frequency, the uastie area in square meters and the consequent numbef
potentially detached blocks are also reported.

Hazard Exceedance| Incrementa | Unstable area| # blocks Annual #
scenarios annual | annual (m? blocks
frequency | frequency
PGA, (2% in 50 yr) 0.033 - 86,219 15.26 -
PGA, (5% in 50 yr) 0.020 0.0133 102,122 18.07 0.241
PGAs (10% in 50 yr) 0.014 0.0061 114,921 20.34 0.124
PGA, (22% in 50 yr) 0.010 0.0039 130,194 23.03 0.090
PGAs (30% in 50 yr) 0.007 0.0029 147,583 26.09 0.075
PGAs (39% in 50 yr) 0.005 0.0021 170,970 30.25 0.065
PGA; (50% in 50 yr) 0.002 0.0029 250,983 44.41 0.129
PGAg (63% in 50 yr) 0.001 0.0011 363,565 64.34 0.071
PGAy (81% in 50 yr) 0.0004 0.0006 603,675 106.82 0.064
PGA=0.95¢g 0 0.0004 912,650 161.50 0.065
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Figure 148. For each annual frequencies of occurree (yr'), the number of blocks potentially detached with a
PGA value exceeded with the corresponding annual dguency is reported. The sum of the red rectangle

represents the expected total number of blocks patear.

10.2 Rockfall propagation modelling

The rockfall runout simulation was performed byngsthe 3D model Hy-STONE (Agliardi and
Crosta, 2003; Crosta et al., 2004). 3D models bfe to simulate block motion along a slope by
including lateral dispersion of trajectories dueldme and small scale morphological complexity
(Descoeudres and Zimmermann, 1987: Guzzetti e2@02a; Agliardi and Crosta, 2003; Crosta
al., 2004; Dorren et al., 2006). The obtained tssate spatially distributed over the entire study
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area, without need for any interpolation of datapating along specific trajectories or imposing
predetermined fall direction.

Hy-STONE incorporates both kinematic (lumped mass) hybrid (mixed kinematic-dynamic)
algorithms, allowing to model free fall, impact amalling. Different damping relationships are
available to simulate energy loss at impact or ddjng. The topography is described by a raster
DEM, which is converted in a vector topographic mladriangulate Regular Network, Guzzetti et
al., 2002a) for the solution of impact and rollinthe stochastic nature of rockfall processes is
introduced as a function of model spatial resotuand by random sampling most parameters from
different PDF (e.g. uniform, normal, lognormal, ergntial). The capability to simulate the effect
of passive countermeasures, dynamics of “flyingksb@and the effect of vegetation have been
implemented and tested against real events (Fratiml, 2012a). A special elasto-viscoplastic
strain hardening model for impact on soft ground Pisco and Vecchiotti, 2006) has also been
implemented. Model results are provided in bothterasind vector formats and these include
rockfall frequency, fly height, rotational and tsdetional velocity and kinetic energy, as well as
information about motion type, impact locationspant and rebound angles.

The simulations performed in this study are basedhe following parameters: spherical blocks
with a density of 2600 kg/fmean radius of 0.71 m (max. 2.56 m); source posed as slope
steeper than 55°; stochastic exponential distwimgtifor the radius of the blocks, normal for the
coefficients of restitution and friction angle amssumed. A total of 3,233,830 blocks (N) were
simulated, 10 for each grid source cell. The catibn was based on the maximum runout
identified during the field survey, the extent odpped debris talus, and the work realized by Broili
in the 1977. The presence of the countermeasurgw@fh height (m) and given energy absorption
(J) was considered.

Using the modified "Rockfall Hazard Vector" (RHM) (eq. 1) a hazard map was created, on the
base of the 3D model results. To improve the reiitlabf the hazard map, and considering that the
calculated RHW,q values are spatially discontinuous (i.e, “salt gegper”’ effect), the RHVq
values have been spatially averaged within aemagth 5 m radius (Figure 149). Considering the
area included in a buffer of 50 meters from exposiethents at risk (e.g. roads and houses), the
majority of the area belongs to the residual amdhazard classes (54.2% and 33.7%, respectively).
The moderate class covers the 11.9% of the invastigarea and the highest class only the 0.1%.
The buffer has been designed to consider the avéagreatest interest in a perspective of
prevention, neglecting the high-risk areas plaagtl bn the cliff. Comparing the location of main
rockfall events of the 1976 Friuli earthquake idiged on the basis of the aerial-photos with the

hazard map (Figure 150), a good agreement was found
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Figure 149. Rockfall Hazard Zoning Map for the Venone (VZ) area.

The large historical rockfall events, representegalygons in Figure 150, lie in high-risk areas,
demonstrating the validity of the 3D model at tlasib of the RHV methodology. In Figure 150-b,
the simulated runout is longer than the large raitkhain body, but fits the isolated blocks mapped
after the earthquake (B_VZ rockfall dataset). Sligtiferences between simulated and historical
runout could be related also to a variation intthgography after the 1976 rockfall events. In fact,
the 3D simulation is based on a 2010 LiDAR topobgsathat include the 1976 rockfall coarse
deposits, which increase the surface roughness réaucing the simulated runout (Figure 150-a,c).
Moreover, the currertbpography include rockfall countermeasures btiéreghe 1976 earthquake,
such as the two embankments built to protect thisParban centre (Figure 150-c), and the 20 m
high embankment in Figure 150-d. Due to these ®mgasures, the simulated runout is shorter
than the one registered for historical events.

o

F o R A e SR S i | N AP
RockfallHazard [ Jo-173 [ |173-3 [ ]3-4123 [ 4.123-5.196
Figure 150. RHV,nq and the rockfalls triggered by the 1976 Friuli eathquake from photo interpretation. The

black lines delimit the source area, on the cliffand the runout zone for each event. The black poistare arrest
points for single blocks fallen during the 1976 edhquake and mapped in Broili (1977). Defense pasg&v

countermeasures realized after the 1976 earthqualere recognizable from the hillshaded DEM.
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11 Discussion

The presented methodology is proposed for hazamdtim of areas where rockfalls are triggered
by earthquakes. The result is a map where theiaré&ided into classes with different levels of
hazard, from low to high. In the definition of hadathe methodology estimates the intensity as a
function of kinetic energy and fly height. For atee location along the slope, both kinetic energy
and fly height can significantly vary due to thdrimsic uncertainties of the parameters which
control the rockfall propagation (e.g., slope maiplyy, slope material and debris grain-size), and
also due to the convergence of trajectories corfimg different source areas. Hence, in a rigorous
approach (Frattini et al, 2012b), probability disations of kinetic energy and fly height shoulel b
used in hazard assessment. However, this approaaldwe quite complex to be adopted for a
simple and easily applicable zoning methodologythen RHV,,og method, the maximum values of
kinetic energy and fly height are used, thus adgp# conservative approach for the assessment of
rockfall intensity. Unlike other methods (Pierson &, 1990; Mazzoccola and Sciesa, 2000;
Agliardi et al. 2003; Corominas et al, 2003; Budett al, 2004; Jaboyedoff et al, 2005; Abbruzzese
and Labiouse, 2013) RH\q4 relates rockfall occurrence to external factorshsas climate or
geodynamic environment, which act in different waas a function of the geological and
geomorphological settings. Since these factorschagacterized by an occurrence probability, the
probability of rockfall is calculated indirectly,nd used to assess rockfall hazard, assuming
stationarity of geological and environmental coiotis. The probabilistic analysis is a valuable tool
for the planning of actions, costs/benefits analyand risk management.

Regarding the factors controlling the earthqualdew®d rockfalls, this work confirms that the
slope angle and the PGA plays most important releeported in previous works (e.g., Marzorati et
al, 2002). In addition, the 90m slope curvature lwsn recognized to play a key role in controlling
the rockfall occurrence.

The successful application of the methodology éamkfall hazard assessment requires:

- acomplete description of the past rockfall eveamd source areas, both for the discriminant
analysis that relates seismic and topographic bisao the rockfall occurrence, and for the
calibration of the rockfall runout model.

- a detailed record of the seismic parameters (e@®A)P and a reliable DEM for the
discriminant analysis.

- the blocks size distribution (MF relationship) fille calculation of the number of blocks

potentially triggered by seismic inputs with diat annual frequencies of occurrence.
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The intensity and distribution of the past rockfalkents were obtained from several works (Govi et
al, 1976; Broili et al, 1977; Broili et al, 1980n6fri, 1995) based on field surveys performed soon
after the earthquakes. These data have been impiechthrough a new aerial photointerpretation
of 1976-1977 aerial photos. An important issuéhes dccuracy of rockfall source area mapping, to
attribute the more appropriate value to the vaegalvolved in the analysis. Different inventories
with different resolution and characteristics wased, covering different areas. However, a single
database was not created due to the different ¢irala 1:50,000 to 1:2,000) and precision of the
maps. In addition, different authors used diffener@thodologies to report on map the information
(e.g. the dataset sources of VZ is made by linesointrast to the others). The PGA map was
obtained from an interpolation of values recordeti3ainstrumented stations and a large number of
Modified Mercalli intensity (MMI) observations (Wlet al, 2006). Unfortunately, this data does
not account for local topographic amplificationtbé seismic waves. For the calculation of unstable
areas with different annual frequencies of occumeerthe obtained equation (5) is used with
different PGA values obtained from the seismic hdzaap of Italy (Working Group MPS, 2004).

It is assumed that equation (4), calibrated with 1876 earthquakes, holds for seismic inputs, if
applied to the same area under similar environrhemd geological conditions. To calculate the
morphometric variables used for the discriminardlgsis, two different DEMs were used, with 1
and 10 m resolution. A small effect of different AEesolution on the results of the discriminant
analysis has been observed, but this can be refatdte accuracy of the rockfall inventories. In
other words, a very detailed DEM is not needetiéf $cale and mapping precision of the rockfall
inventory is not consistent. For the calculationttoed number of blocks associated to each annual
frequency of occurrence, the MF curve was adopld could introduce an approximation in the
analysis because the MF curve is assumed to cashpliscribe the volume distribution, also for
the small classes. In this study, the minimum valudentified on field is 0.0045 ¥nso it possible

to assume that the volume distribution is corremtjyresented. To overcome this problem, it could
be possible to extrapolate the MF curve to smalksses, but this procedure can introduce error in
the analysis with an overestimation of these clsslreover, it is necessary to consider that the
MF curve was derived from field activity carriedtoyears after the event. Finally the size
distribution of blocks could change with the intéyn®f the seismic ground motion parameter and
related annual frequency of occurrence. The etiedifferent lithologies was not included because
in the study area there is a minor variation o trariable. This may not be valid for other sitethw
different types of rocks and structural constrairis addition, information from geomechanical
maps, not available at the moment, could be ingatpd, to compare the size of blocks surveyed

on the field with the size of potentially unstablecks on the cliff.
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12 Conclusion

In landslide hazard analysis, both the temporajueacy of landslide events and the destructive
potential of the events (to be used for vulnergbdnalysis) depend on the size of the landslibtes.
particular, to characterize the temporal frequeniclandslides, it is necessary to define a function
that describe the dependence of the frequencyratslige size, i.e., a Magnitude Frequency (MF)
curve. In the literature, many authors tried teegs MF curves for different type of landslides in
different regions. Some have tried to characteti'e dependence these curves on lithology (e.qg,
Hungr et al,1998), pattern of soil wetness (Paiett al, 1997), the properties of materials (Fratt

et al , 2013), and the slope morphology (Frattinale 2013). However, for earthquake-induced
landslides, none has tried to characterize if tieddrves change as a function of the magnitude of
the earthquake and the distance from the seismicceoThis could be important for landslide
hazard assessment in seismic areas, becausedt ataw to zone different degree of hazard as a
function of the magnitude of the earthquakes, &mdeach earthquake, moving from the seismic
source to the outer part. Regarding the relatignebtween the earthquake magnitude and landslide
size, Jibson and Keefer (1989) suggested that krgeega landslides are frequently triggered by
longer duration shaking, generally related to epréikes of larger magnitude. By comparing the
frequency density curves of all landslides mapfoedhe studied earthquakes, it is clearly shown
that an increase of the earthquake magnitude @unes to a shift of the curve toward upper-right,
that imply the landslides are more abundant, bad &rger in size. In other words, the higher the
earthquake magnitude, the higher the “landslidemtery magnitude”, m(Guzzetti 2002) This has
been patrtially investigated by Parker (2013), vatemaller set of landslide inventories. The only
earthquake that deviates from this trend is 201hokKa earthquake, but this is related to the
particular condition at which the earthquake ocedyrthat reduced the possibility to have a
complete earthquake-induced landslide inventoryy(Var from the coast, in the subduction zone).
This relationship between earthquake magnitude kandslide inventory magnitude is very
interesting and useful for hazard assessment aénfiat future earthquakes. In addition, this
relationship can be used to estimate the magnitddEarthquakes when a landslide inventory is
available but the events that triggered the laddsliis unknown. The back calculation of the
magnitude of the earthquake on the basis of theéslates inventory can help the understanding of
the past events and the evolution of the lands@aseismic area, than the maximum level of
seismicity experienced in the related region (wittiew to preventing the territory). The case study

of Northern Chile demonstrate this possibility.
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When focusing on a single earthquake, it is intergdo understand if the size of the landslides
varies in space, and if it is possible to defingedent MF curves as a function of the distancenfro
the seismic source. However, before investigatirey relationship between the landslide size and
the distance from the seismic source, it was nacgds investigate which are the variables that
control the landslide size most. These variablesaanong the so-called preparatory variables (Wu
and Sidle, 1995) which make the slope susceptibléailure without actually initiating it and
thereby tending to place the slope in a marginathble state, such as relief, slope gradient,
geology. From preliminary analyses performed onldnelslides inventories for the six earthquake
considered, it is clear how the relief and the slgpadient do not play a relevant role in contngjli
the size of the landslides. From the results, jiteaps that a relatively high relief is associatiso a
to small landslides, and a low relief with largeesn In theory, the slope gradient could have a
censoring effect on small landslides, especiallycohesive materials (Frattini et al, 2013).
However, the inventories can be affected by unaeptiag in small landslides, which are often not
mapped. Moreover, the resolution of the Digitalvaleon Model, used in the analysis (cell size
between 10 to 50 m), is too low, and it do not gigkable values for high slope gradients. This
does not allow a detailed representation of thepimalogy.

Regarding the distance from the seismic sourcd) moterms of distance from the epicenter and
distance from the linear fault rupture, the obseovafrom Keefer and Manson (1998) and Khazai
and Sitar (2003), and the results of numerical fiodeby Bourdeau et al. (2004), suggest that the
size of landslides should decrease with the distémen the seismic source. In order to demonstrate
that, different magnitude-frequency relationships been derived from landslide inventories on the
basis of classes of distance from the seismic sour€our methodologies were applied to the
magnitude-frequency curves o characterize thersgg@larameter of the landslide size distribution.
Among these approaches, it was observed that thbdlBdareto distribution is the method that
allow a better, automatic, characterization of lmelslide distribution, especially in the arealud t
rollover, but it is subject to some limitation dakso to the accuracy of the landslide inventories,
and to the presence of a statistically represesta@ample of the different size classes (also small
landslides). As consequence, it cannot be usediagjae method for the fit of the curves.

From the analysis of the different MF curves, guis that the distance from the seismic source do
not clearly control the size distribution.In gerlethe exponent of the probability density curves i
higher for the maximum distance with respect to distance close to the seismic source, thus
confirming the initial hypothesis However, there aome exception, that could be explained with
problem in the quality of the landslide inventorasl to the capability of the method applied to fit

the curves. However, for intermediate distancettéed in not so clear, and the initial hypothesis
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(i.e., the distance from the seismic source caomtrible landslide size distribution) is not
demonstrated. This fact can be related to differeasons. First of all, there is a strong relatiqms

of the landslide size with the peak ground accetergdPGA) values registered in the affected area,
but the PGA values are not linearly dependent ftbendistance, because they are also controlled
by local site effects. Moreover, over a certainesfiold of PGA, that change for the different
earthquakes, the landslides size decreases, alsdodthe small area at which the high PGA
occurred. Tohoku earthquake do not show this trdod,to the scattered distribution of the PGA in
the ShakeMap used (see earthquake description).

Another important factor that can influence theesdf the landslides and that can mask the
relationship between landslide size and the distdram the seismic source is the geology of the
affected areas. The analysis proved how some ditfed are not affected by the earthquake shaking
in the landslide size, and give the same size ibligion independently from the earthquake
magnitude and the distance from the seismic soumgamntrast there are other lithologies that show
a relationship with the distance from the seisnmgree, and give a size distribution according to
the position respect to the seismic source.

There is an interdependence between differentifatib@t control the landslide size distributionttha
is directly linked to the characteristics of the@amwhere the earthquake occurs. Probably, other
factors as focal depth, specific ground motion abaristics of individual earthquakes and site
effects could be also important, and could allovibétter understand the landslide size distribution
at local scale. The quality of the earthquake-irdandslides is also important to allow this kirid o
analysis, and it is necessary an implementatiothefavailable dataset, due to some limitation
found, such as the lower limit on the size of ldiés that can be detected from satellite images
(censoring). Ground-based field studies have atslcrucial in preparing most comprehensive
landslide inventories.

As said before, the magnitude-frequency curvesaothguake-induced landslide inventories are
fundamental in landslide hazard. In this thesissiple methodology of earthquake-induced
rockfall hazard zoning is presented. This methogiplallows combining the onset frequency of
rockfalls in seismic areas, the frequency of thansisimulated block along the slope, the kinetic
energy and the fly height of the simulated trajget For the application of the methodology it is
required a complete description of the past rotlkfetnts and source areas, a detailed record of the
seismic parameters, a reliable DEM for the disarant analysis and the propagation modelling,
and the blocks size distribution (MF relationship) the calculation of the number of blocks

potentially triggered by seismic inputs with diet return period.
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Figure 151. Landslide size distribution (mi) as function of the peak ground acceleration (g).

The analysis of factors controlling the distributiof earthquake-induced rockfalls shows that the
most important factors are the slope angle, th& geaund acceleration and the slope curvature.For
the peak ground acceleration, an attempt to vaidaé values used in the methodology was
conducted. The use of the precarious balanced ieckgaluable tool for the definition of the upper
bound of the horizontal acceleration experiencedthy affected area from the last larger

earthquake, and can give information were datanateavailable. The method can be applied to
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small areas due to the large time for collectirggdhta and the application of this kind of procedur

in large areas affected by high magnitude earthegizkunthinkable.
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Appendix 1- Landslide size as function of lithologyrelief and slope gradient for
the epicentral distance.

Papua New Guinea Earthquake

- Landslide size as function of the epicentral distace, for each lithology:
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- Landslide size as function of the epicentral distace, for each slope class:
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Niigata-Chuetsu Earthquake

- Landslide size as function of the epicentral distace, for each lithology:
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- Landslide size as function of the epicentral distace, for each relief class:
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Tohoku Earthquake
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Appendix 2 - Fitting Curves for each class of distace, Wenchuan Earthquake,
2008

Epicentral Distance

Classes of Distance (m)Code| # landslides| PL| LF | DP| ML
0 - 15,084 1 19,745/ 2.01{2.01| 2.34{ 2.23
15,084 - 24,038 2 19,748/ 2.24(2.41| 2.28| 2.66
24,038 -34,161 3 19,744{1.98/2.31]2.16/3.23
34,161 - 44,110 4 19,741 2.79| 2.16| 2.31| 3.62
44,110-56,442 5 19,757| 1.75[2.16| 2.41{ 3.20
56,442 - 76,422 6 19,750] 2.84| 2.49| 2.25| 4.36
76,422 -92,225 7 19,746 2.71| 2.63| 2.54| 2.97
92,225-115550 8 19,747/ 2.08| 2.22| 2.59|2.78
115,550 - 164,41p 9 19,755 2.03| 2.43| 2.63| 2.16
164,412 - 380,00p 10 19,748 2.51| 2.57| 3.25| 2.57

- Maximum likelihood estimator of Double Pareto distibution (DP):
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Least square regression of non-cumulative log powdaw function (LF):
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Fault rupture Distance

10°

Classes of Distance (m)Code| # landslides| PL| LF | DP| ML
0-1,348 1 19,749 2.01| 2.49(2.38[ 2.38

1,346 - 2,80( 2 19,7471.97]2.60{2.42(2.90
2,800 - 4,593 3 19,747|2.29|2.33]| 2.39| 2.91
4593-6,784 4 19,749 2.04|2.68|2.39|2.31
6,784 - 9,82( 5 19,748/ 2.13|2.00{2.30]| 2.72
9,820-12,88¢ 6 19,748 2.21|2.61|2.18| 2.41
12,886 -16,98Y 7 19,7492.11]2.50{2.21{ 3.86
16,987 - 23,242 8 19,749 3.073.18[2.39(3.28
23,242 -32,169 9 19,748 2.54|2.35|2.40| 4.12
32,169 - 160,000 10 19,748 2.38] 2.50 2.63| 2.60
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Appendix 3 - Fitting Curves for each lithology grop, Wenchuan Earthquake,
2008

Group Code| # landslides| DP | LF |PL

Quaternary Deposits 1 831(2.71|2.27|1.81
Conglomerates and Sandstone 2 20,380/2.61|2.71| 3.05
Limestone 3 14,320 2.35|2.85|2.24
Limestone and Phyllite al 3,589|2.45|2.23| 2.26
Limestone and Sandstone 5 42,725/2.21|2.39| 2.45
Phyllite and Limestone 6 8,911(2.60| 3.01| 2.50
Sandstone and Siltstone 7 21,567|2.26|2.54|2.02
Quartz and Feldspathic Sandstone 8 2,575/ 3.08|2.76| 2.67
Schist and Andesite 9 8,175(2.53|2.76| 2.41
Granitic rock 10 72,933 2.15/3.17|3.12

- Maximum likelihood estimator of Double Pareto distibution (DP):
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