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Abstract

Quantitative spatial analyses and statistical susceptibility assessments based on road
inventories are often complicated due to the registration of impacts instead of source
areas. A rockfall inventory from the Norwegian Directorate of Public Roads is analysed
spatially in order to investigate potential controlling parameters in the Norwegian county
Sogn and Fjordane. Quantitative spatial relationships are then used to model rockfall
susceptibility with the help of the We‘ghts_.-of-Eyig(ence method. The controlling param-
eters tectono-stratigraphic position, Guatessary geology, geological lineament density,
relative relief and slope aspect resulted in the best performing model and thus yielded
the basis for the statistical susceptibility map for the entire county of Sogn and Fjor-
dane. Due to 'rgé%ré% impacts instead of sources, the important parameter slope
angle could not be included in the statistical models. Combining the statistical suscep-
tibility model with a physically based model, restricts the susceptibility map to areas
that are steep enough to represent a potential rockfall source. This combination makes
it possible to use road inventories, with registered impacts instead of sources, for sus-
ceptibility modelling. e wided

1 Introduction

Landslide inventories compiled by road authorities contain, often the most comprehen-
sive records, but are in many cases limited to rw pacts on the roads, lacking
information about the source areas. This complicates quantitative spatial analyses of
these inventories with respect to their controlling parameters depending on the res-
olution of the latter. Especially, parameters originating from a digital elevation model
(DEM), like slope angle, curvature, roughness or elevation itself, often have a resolu-
tion that is smaller than the distance between sourc a(?d deposition area of landslides.
Analysing the slope angle distribution for A e%‘ events of a road inventory, will in
many cases yielc{loo low slope angleg However, many studies indicate that a steep
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slope is the principal pre-disposing fQ/ctor for landslide processes especially rock slope g.’ Wit ¢ "E‘I 2o p
failures (e.g., Aleotti and Chowdhury, 1999; Blais-Stévens et al., 2012; rener{afwd(__j—’,._ a “n‘mu’fli 5Cel/
Dizgiin, 2010; Kayastha et al., 2012b; Marzorati et al., 2062; Neuhduser et al., 2012; ¢ srder
-\}S_h_irzadi et al., 2012). Quantitative spatial analyses result thus often in a susceptibility = '
s map reproducing a slope-angle map. On the other hand, a steep slope angle is a phys-
ical requirement for the presegoe_9f rock slope failures and using physically based ap- &
proaches to define a relatior! betwaen slope angle and the occurrence of landslides is
thus much more appropriate. Hence, we propose an approach using a physical model

to determine possible rockfall source areas and to update these source zones with rela- S

w0 tive susceptibilities obtained from a statistical model. This integration of statistically and E::
physicall lgised rockfall susceptibility models makes it possible to use road inventories =
with 'ra’g‘«éozea data points aydepositg o[ fe calculation of susceptibility maps. =i
The dataJaasﬁ of this stldy fornf a’fockfall inventory from the Norwegian Direc- {0):

torate of Public Roads. Rockfalls are a frequent hazard in Norway, especially within

15 the Alpine topography of the coastal fjord areas. Steep slopes in combination with un-

favourable climatic conditions, like heavy seasonal precipitation, intense snowmelt in
spring and long frost periods, increase the vulnerability for rock slope failures in these &
regions (Blikra et al., 2006; Saintot et al., 2011). However, these might not be the sin-_ v é
e parameters controlling the spatial distribution of rockfalls. Jaboyedoff et al. (2005) * ¢
2 {ive an overview on factors influencing rock slope instabilityt‘gjggped into external n
and internal parameters. Various studies investigateﬁi’ﬁﬁfi't’éﬂ locations with respect to =
their controlling parameters statistioally (g_.g._,‘_jbuarte and Marquinez, 2002; R and
Czurda, 2008; Tanarro and Mufoz, 2012), or try to predict rockfall source areas by the —
“means of different statistical or probabilistic modelling techniques,on a regional scale, o

25 resulting in susceptibility maps (e.g., Blais-Stevens et al., 2012 Frattirfi et al., 2008; [ & ar Y- Ecthr
\Marquinez et al., 2003;Marzorati et al., 2002; Shirzadi et a¥, 2012; Zahiri et al., 209_6}/ a

However, the number of quantitative statistical susceptibility studies focusing specif- 7 S sidenee. i

-
"

ically on rockfall is still very limited in comparison to those ing other landslide | ¥

2 ne
types or landslidesg{TGeneral, which bas become very popular using GIS] Also Fell | @ C'L‘: e
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et al. (2008) and van Westen et al. _@ﬁ)@_emphasiz&hm it is necessary to study the
susceptibility of different types of landslides separately due to the specific parameters
controlling their failure mechanism. e
-‘UL’-\b*aomy studies of unstable rock slopes in Norway e mainlydirected towards n .
s site-specific research of large instabilities (e.g., B6hme et al., 20™; Braathen'et al., - v
2004), but not towards quantitative regional scale investigations. Only, few stud? dis- praer
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cuss some more regional aspects of unstable rock slopes. For example, Blikr et al.
(2006) describé’a clustering of rockslides in specific zones of Norway, dg not in- .
clude the underlying reasons in this, spatial approach. Saintot et al. (2011) and Hen-, ¢
10 derson and Saintot (2011)%Sescribt.ja link between r@@lsﬁfé‘fhfsﬁ@[lfﬁ_e‘s% %egg?nj
Norway and ductile and brittle structures, but these studiesvéré ot based o quan-
titative analyses. Bjerrum and Joerstad (1968) and Sandersen et al. (1996)"highlight&d ?U
a meteorological influence on rockfalls by applying simple bi%tatisﬁcs of historical &

0i38NDSI]

events. In contrast, Dunlop (2010} investigated the relation,1 etween rock slope fail- =

15 ures and meteorological conditions as well as topography and geology guantitatively ——
applying Weights-of-Evidence based susceptibility rga gilr_wg for a region in southwest-
ern Norway (Hordaland and Sogn and Fjordane Counties). Furthermore, Erener and
Diizgiin (2010) present & statistically based susceptibility map of landslides for western
Norway (Mare and Romsdal County) applying different regression methods. However, 8

20 their focus”hf"étrongly on the mathematical methodology, and not on the input data and | _o /«.. -

= ogi = L i s i 8 i
geological model. In addition, a lack of detailed Kfowldge about the local geological | ;f%‘f"?
conditions as well as the used inventory is obvious. @ “"42&,_(_7
The primary objective of this study is to determine the controlling parameters in- — 4
volved in the development of rockfalls in western Norway h!vith the help of a guanti-

25 tative spatial analysis. Furthermore, the possibility fo-se aroad inventory with clear
limitations for quantitative spatial analyses is investigated. Therefore;,the Weights-of-
Evidence method is hese first used as an explanatory tool, helping to quantify the rela-
tion between rockfalls and certain controlling parameters and second to produce a sta-
tistically based rockfall susceptibility map. The results provide a better understanding
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of the spatial distribution of rockfalls in western Norway and the underlying reasons for
their development. “the statistical susceptibility map is intersected with physi-
cally determined potential rockfall source zones (Derron, EyO} in order to obtain the
final rockfall susceptibility map.

leded ucissnasicy

U 1,LM
s 2 Study area parnd SN

The study area comprises the entire county of Sogn and Fjorgane, covering 18 607 km? o
of land area (Fig. 1). Historical data and geological studiesfskew a high concentratio 2 ¢
of post-glacial gravitational slope failures as well as current r_‘_ :ﬂoﬁg %Stélgiﬁtigté i% Q?&‘
the Norwegian county Sogn and Fjordane,ﬂjituated in western Norway (Blikra et aly/ §

=0
w0 2006; Béhme et al., 20¥1; Saintot et al., 2 1). This lP%PJO seyeral studies focusing
on current rock slope instabilities in this county and)| Ge ogiéé‘ﬁgﬁfﬁaﬁﬁ‘;mek— 3
M. slope-instabilities.in these-regions-was largely extended (Bbhme et al., 2011; Herman‘r}s
Met al., 2011; Saintot et al., 2011)/ v

The restriction tof4" 8.0%15( instead of using natural borders, the latter probably being
15 more appropriate for modelling a natural process was chosen due to the division of
the Norwegian Directorate of Public Road Eﬁ& cduntfﬁase. In order to obtain the
best possible homogeneity in the data, it is reasonable to use the limits of a county as
the limits of the study area. Nevertheless, it is impossible to reach perfect homogeneity

because of the subjective registration of rockfall events by different individuals.

e u;-m_&ﬂﬁ A tud,
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Assuming that future landslides of any type will occur under similar geological and ge- <g
ometrical circumstances as past landslides of the same type have occurred, it is pos- ¢
sible to study a landslide inventory in combination with several influencing factors and
to analyse their spatial relation in order to prepare susceptibility maps (Guzzetti et al.,
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1999). Various GIS-based statistical analysis methods as well as quantitative predic- >~

0

tion models for landslide susceptibility or hazard have been proposed and applied in £
the literature. Introductions and overviews of quantitative statistical methogs for land- .“j (4
slide susceptibility or hazard assessmént can be found in Brenning (2005}, Chung an = (P
s Fabbri (2003); Guzzetti et al. (1999); Guzzetti (2008); Hervas and Bobrowsky (200% : C'f-r&.gf
“Boeters and van Westen (1996) and van Westen (2000. New methods or modifications - /
of existing ones are consistently developed or,applied (e.g., Erener and D{izgiin, 201 d/ ~a
Hasekiogullan and Ercanoglu, 2012; Kay_aést a et al,, 2012a; Sezer et al, 2011). How-
ever, there is t#€ tendency tobhaih ah more colblicated mathematical models, that
1 inly powerful, but their physical significance is difficult to understand and jppse e
models tend to be black Jboxes for the standard user which makes it difficult to c s
~the=model (Leroi, 1996). With respect to quantitative statistical rockfall susceptibility _ s
prediction, namely ?iscrirninant analysis (Frattini et al., 2008), logistic regression (Mar- - e -lir"z??«f .
quinez et al., 2003; Marzorati et al.\é, 002; Shirzadi et a '}f_ggjz), Weights-of-Evidence .} = &7tles—
15 (Zahiri et al., 2006)/and fuzzi logic (Blais-Stevens et al., 2012) have been applied. In -
this study the Weights-of-Evidence method is used to quantify the spatfi | Eéation’tfe— "f'._t} ’
tween rockfalls and their controlling parameters in order to finally dﬁ%j 53 Suscepti- @
bility map for rockfalls in the county Sogn and Fjordane. Our focus is hereby notonthe @
mathematical methodology and explains thus the usage of'a mathematical relatively o
x simplg{mo ol wediLak applcatrp o

080

1
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3.1 Weights-of-Evidence method

The Weights-of-Evidence mefhod was first applied to spatial geoscientific questions
by Bonham-Carter et al. (1988). They combined spatial evidences for mineral deposits
and produced predictive mineral potential maps. The Weights-of-Evidence method is
25 a probabilistic method that uses known occurrences of a feature, termed as inventory
within this study, to quantify spatial associations between these features and the con-
trolling parameters that cause the features to occur (Bonham-Carter et al., 1989). Orig-
inally, the-Weights-ef-Evidenee method was developed as a binary approach, but in this
Gwrs 86
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study the extended Weights-of-Evidence method,as introduced by Porwal et al. (200 1\)/ 2

using multi-class controlling parameters, was applied. The primary aim of the Weights-
of-Evidence method is to weigh# and finally combine several controlling parameters,
in order to get a prediction for the occurrence of a considered feature. However, in
this study, it is primarily used as an explanatory tool in order to investigate the spatial
relationg between rockfalls and their controlling parameters. The Weights-yvidence
method has been widely applied for landslide studies (e.g., Armas, 2012/ Kayastha
et al., 2012b; Lee et al., 2002 Neuhduser et 4l., 2012; van Westen etufl.. 2003), but

only limited for rockfalls ex‘p}licitly (Zahiri et al., 2006).«/ i t[/ e
rter (1994)

Agterberg et al. (1990)}Bonham-Carter et al. (1989) and Bonham-Ca

( tL'mr'“'.i;;ilnnre comprehensive descriptions of the mathematical formulation of the Weights-of-

15

20

5
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E#i&ﬁ'ée method. Fhis-method is well-known, and therefore only a basic introduction
is given here.

In general, the Weights-of-Evidence method uses the theory of conditional probabil-
ity, namely the rule of Bayes. It is based on the fact that the probability of an event, in
this case a rockfall, will depend upon several circumstances. Weights are calculated
for each controlling parameter class in order to quantify their strength of spatial in-
fluence on rockfall susceptibility, considering both the absence and presence of each
controlling parameter class. Assuming that all rockfalls are known, probabilities can
be estimated as simple volume proportions. The working formulas for calculating the
weights are consequently the following:

W= in (M) (1)
N{R nX;}/N{R}
— (M) @)
N{R 0 X}/N{R)
87

where N{R n X;} denotes the number of cells containing a rockfall event # and belong-
ing to parameter class X,. R and 7, indicate the absence of a rockfall or parameter
class, respectively.

The calculated weights w/- provide a measure of spatial association between the
inventory and each controlling parameter class. A positive W™ predicts that there are
more rockfalls on that controlling parameter class than would occu r-ﬁuﬁandomly; con-
versely, a negative W™ predicts that few’g[ crockftg,ug gceur than expected. The absolute
value of the weights expresses ﬁ%@?’s%féng?ﬁe spatial association between inventory
and controlling parameter class-ig. The larger the absolute value, the stronger is the
spatial association. A value of zero, or very close to zero, predicts that the rockfalls are
distributed randomly with respect to that controlling parameter class.

In addition, the studentised contrast stud(C) serves as a measure about the statis-
tical significance of the spatial association between the inventory and each controlling
parameter:

c
stud(C) = 50 (3)
where the contrast C = W*—W ™ and o(C) is an approximation of the standard deviation
of C, (see Agterberg et al., 1990*and Bonham-Carter et al., 1989 for its estimation). It
is recommended that the modulus of the studentised contrast stud(C) should be larger
than 2 for a significant spatial association (Bonham-Carter, 1994)Weights and stu-
dentised contrasts are calculated for each controlling parameter class based on the
Weights-of-Evidence method with the help of the Esri ArcGIS toolbox “Spatial Data
Modeller" (Sawatzky et al., 2009y and used to quantify %gﬁmal relationship. The
controlling parameters that have a significant spatial relati e occurrence of rock-
falls are selected and reclassified according to the analysis results in order to produce
a susceptibility map. This reduction of classes is necessary jn order to increase the
statistical robustness of the weights (Bonham-Carter, 1994),/ The different controlling
parameters can finally be combined based on the calculated weights assuming condi-
88
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tional independence ﬂ between the parameters by updating the prior logit logit{/?} to
the posterior logit:

logit{R/X; 0 X0 ... X, } = logit{R} + i x;/‘ @

i=1

for j = 1 to n, where n is the total number of considered controlling parameters. “Logit”
is defined as the natural logarithm of the ratio of the probability witfi that an event will
occur to the probability that it will not occur. The posterior probability P{R /X, n X; n
...X,} or susceptibility can finally be obtained by back-transformation of the posterior
logits into real probability values:

S OGHR/XinXon. X}

PIRIX X0 X} = — e (5)

3.2 Validation of susceptibility maps and test of conditional independence

Success rate and prediction rate curves were used to evaluate the predictive power
of the susceptibility map based on the time partition method as proposed by Chung
and Fabbri (2003). In addition, the comparison of success rate curves from different
susceptibility maps, based on different parameter combinations, ha&baen used in order
to select the best performing model. Success rate curves display how many of the
analysed rockfalls are successfully detected by the susceptibility map. The steeper the
curve, the better is the model efficiency.

The overall conditional independence was tested by comparing the number of ob-
served rockfalls N{R} to the number of predicted rockfalls N{R,}. Given conditional
independence, the number of both should be equal. Bonham-Carter (1994) suggests
that the ratio N{R}/N{R,} should be > 0.85.

89

3.3 Combined statistical-physical susceptibility map ,J,( ik

- M o7 Thehy”
A rockfall susceptibility map ha%ﬁaﬁenlpreviousIg*producedlfor eiaﬁreﬂomag;w -
Ing between potential source areas and propagation zones (Derron, 201?},This map
is based on a slope analysis method as proposed by Loye et al. (2009)¥ resulting in
slope angle thresholds,which are potentially unstable and could lead to rockfall. These
thresholds depend on the slope angle, DEM cell size, type of bedrock and outcropping
conditions. The main limitation 3;)f)tcj)livsﬂl:l:)(:kfall susceptibility map (lf I‘tj'_fqlimited resolu-
tion of the used DEM with a 25'm cell size. Small-sized rock cliffg can thus be missed
during the detection of source cells. Furthermore, these maps are-f&'#displaying po-
tential source areas without any associated probability of rockfall release. The obtained
probabilistic susceptibility map was thus used to update the rockfall source areas with
a relative probability. At the same time, the probabilistic susceptibility map is with this
step restricted to the potential source areas and includes thereafter only areas that are
actually steep enough to cause rockfalls.

4 Inventory

The national database of rapid mass movements in Norway is the result of joiring four
independent databases into one within the GeoExtreme project (Jaedicke et al., I2608,
2009). This database differentiates between five landslide types, namely rockslides,
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debris slides, snow avalanches, sub-aqueous slides and icefalls. The majority of regis- |22 _('.cvfd- 4_{

tered landslides are from the Norwegian Directorate of Public Roads including all types
of events that affected a road. For this study, only events registered from the Norwegian
Directorate of Public Roads within the category “ROCKSLIDE” and with a “RELEASE
AREA" equal to “OPEN SLOPE” or “UNKNOWN” were extracted. Events in the cate-
gory “ROCKSLIDE" represent almost exclusively rockfalls. In addition, points that are
located within tunnels have been eliminated. This results in an inventory containing
3259 rockfall events spanning a-time-pesiedfrom 1973 until 2012 for the county of Sogn
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and Fjordane. This dataset was divided intp two subsets for validating the susceptibility
map. The breakpoint was set to the end ‘of -the-year 2002, because there was a reor-
ganisation of the Norwegian Directorate of Public Ezads mcorporatlng changes in the
division and potential changes in P%fﬁedé Sfarting$fom 2003. Events older
than e were used as training data and e@ﬁﬁ; that occurred after the-breakpeint-

(oare used as validation data. g (. gir

There are several limitations app-l;ung»@e:j this database. It is a matter of course that
all ré@stﬁzéﬁ’gvents are limited to public roads, but there is also no unifor gistra-
tion of events along the public roads. The quality and completeness of data@’gﬁ'ongly
influenced by the internal division into road districts and personal abilities of the lo-
cal observers. There exist no mandatory guidelines for the rM?i’of events and
whether an event will be wﬁ’ﬁgﬁor not depends basically on individuals. This results
in a partially incomplete and biased database, both with respect to the area covered
and to the time period investigated. ln addition, d locations are points where
the rockfalls hit the road, but there st no spatial information about the source area.
In some cases, the ré&s!'e: points may even only be midpoints of a certain road
SeCtIOI"I‘ However, it was not possible to obtain more detailed information, abett-this
This study investigates rockfalls only spatially and temporal |ncoasm§nmps are Fus
net important. However, the €602 Lgas}arsestnctlons hqve bee the follow-
ing approaches The first |Im|latl0l',]), he are limited to public roads,
has been §olved by restricting the study area for j#& spatial analysis to a 1 km buffer
around the road network, called training area,ir-the-following. The analysis results

“ have then been.used to predict rockfall susceptibility of the entire study area covering

25

25

the complete county, assuming that the smaller training area is yepresentative for he
variability of the, entire study area (Aleotti and Chowdhury, 1689; Dunlop, 201
Westen, 2000, The training area s covermg 4290 km?, corresponding to 3058 road
km and the study area covers 18607 km?. On average there is 1 rockfall event per road
km and 0.5 events per km? of the training area (Table 1).

91

The second limitation, the registered impacts on the road instead of the source ar-
eas will not have an effect for most geological information, since their resolution is lower
than the distance between source and impact of a rockfall. For example the used ge-
ological maps have a scale of 1:250000. This weutd meary that 1 mm on the map is
equivalent to 250m in the field. Dunlop (2010) defined the source areas of 98 rock-
slides recorded in the same database in a test area in Sogn and Fjordane. His results
demonstrateithat the average distance between source zone and impact on the road
is 77 m, which is less than the resolution of most data used. However, major problems
are expected analysing the DEM with a 25 m resolution and corresponding derivatives
of it in the statistical analysis.

5 Parameters

A large set of potential controlling parameters has been spatially analysed wnh_the
help of the Weights-of-Evidence method. However, only the parameters that have 'most
influence have been used for mappmg the final susceptibility.

- | r

5.1 Bedrock geology

The bedrock of western Norway consists mainly of Lower Palaeozoic and Precambrian
metamorphic rocks. The rocks of the study area have undergone intense reworking by
a general NW-SE oriented crustal shortening during the Caledonian Orogeny, resulti
in a thrust sheet tr&népori towards SE onto the Precambrian basement (Roberts“and
Gee, 1985). The geological setting can be divided into three units, the Precambrian
basement, the Caledonian nappes and Devonian sedimentary basins me+udmga wide
range of lithologies.

The basis for the geological parameters formed the 1: 250000 bedrock map of the
Geological Survey of Norway (NGU Berggrunnskart). The original vector map was con-
verted to a raster with 25 m cell size. Three different reclassifications were completed
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based on (1) the rock type, (2) the tectono-stratigraphic position and (3) the metamor-
phic grade. The first reclassification is based on the relative competence of each rock
type in the study area based on experience from-fieldwork and is resulting-in seven
classes: e G2 W hicl .

(1) Granular sedimentary rocks, plutonic rocks, felsic foliated rocks, mafic and ul-
tramafic rocks, metamorphic, rocks with low mechanical strength (like amphibolites,
schists and micaschists), duartzite and marble (Fig. 2a)

The second reclassification is founded on the fact that tectonic deformation, thus the
tectonic weakening is higher in the nappes than in the basement. This classification
is not completely definite,"since there exist diffgrent opinions, about the affiliation of
rock units to the differgnt positions (Kildal, 1915 Ragnhildsfvéit and Helliksen, 1997;
Sigmond, 1989; Sollivand Nordgulen, 2008; Tveten et al., 1998). Therefore, different
classifications have been analysed here and finally the classification displaying highest
significance and largest weights has been used, The following tectono-stratigraphic
positions are represented in the study area:

(2) Autochthon, lower allochthon, middle allochthon, upper allochthon, uppermost
allochthon and Devonian sediments (Fig. 2b)

The third reclassification with respect to the metamorphic grade is based on the
geological map of the Fennoscandian Shield at a scale of 1: 2 million (Koistingn et al.,
2001), resulting in four classes: .

(3) No, low, medium and high metamorphic grade (Fig. 2c)

-
O | { 3 ¢

52 Quaternarygeology e | / ——t

In this study, the spatial relation 'in. between the occurrence of rockfalls and landslide
deposits as well as bare rock outcrops have been analysed (Fig. 2d). These features
were extracted from the guaternary map of the Geological Survey of Norway (NGU
Lesmassekart), which is a fnosaic of various scales, but meinty on'a scafé of 1: 250000
and 1:50000 for the study area. The original vector map was used as a raster with
25 mcell size.

31 93

5.3 Tectonic structures

A significant amount of tectonic events affected the bedrock of western Norway, in-
cluding the ductile Caledonian Orogeny, the semi-ductile post-orogenic collapse and
also brittle tectonics; ﬁge"the Permo-Triassic and Jurassic rifting phases; aif together
resulting in a high density of brittle, ductile and semi-ductile structures.

Two different sources of lineament maps have b_?en available for this study:

- Geological lineaments from the bedrock ma'p, mainly including thrusts and major
faults at a scale of 1:250000 (Fig. 2e and f; NGU Berggrunnskart).

— Geomorphological lineaments from Gabrielsen et al. (2002) based on satellite
image (Landsat 7) interpretation at a scale of 1: 750000 (Fig. 2g and h).

All lineament maps were used in form of a density grid as well as a distance-to-
closest-lineament grid, both with 25 m cell size.

5.4 Neotectonics
5.4.1 Present day uplift

Different geodetic data exhibit a h?h—rated present-day uplift in western Norway (Fjé‘(d«r
skaar et al., 2000; Kierulf et al., 2013; Olesen et al., 2000; VestdJ, 2006). Whereas the
general trend of uplift is assumed fo be a result of glacial isostasy, there exists a de-
bate about the contrié)}nion of potential negtectonic processes (Bungum et al.,i2010;

¢ Olesen et al., 2000]. Uplift and uplift gradient maps from Kielr/uif

5.4.2 Seismicity

v
Norway has a low to intermediate seismic intensity (Fjeldskaar et al., 2000). A concen-
tration of earthquake activity is found west of mid-Norway, reflecting a rifted passive
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continental margin (Bungum et al., 2000). The used earthquake catalogue, produced
by NORSAR (Norwegian Seismic Array), is-covering the time span from 1750 until
2007 (Dehls et al., 2000; Olesen et al., 2000]. It contains 566 registered events with
a magnitude Mg = 2 for western Norway and adjacent areas, whereof 6 events have
a magnitude Mg > 5. In order to investigate the potential relation between earthquakes

= Jode Uoissnos((

and rockfalls, earthquake density maps were calculated applying a search radius of .

| &=

50 km and weighting each event with respect to its energy. Seismic energies E have |
been derived from magnitudes Mg based on the equation proposed by Gutenberg and/
Richter (2010):

iglet-ig

logE =1.5Mg +11.8 (6)

LIois

The earthquake density raster is mainly influenced by the earthquakes with Mg > 4
(Fig-2). v LU

5.5 Topography and derived parameters {

1aded

/ \ 2
The topography of western Norway is strongly influenced by the 't!quaternary glaciations. &
Coastal islands, long U-shaped valleys and many deep fjords with steep slopes are E’;
dominating landforms. This steep terrain in combination with heavily fractured exposed S
bedrock indicate§ that this area is susceptible to rockfall..., &
A digital elevation model with a cell size of 25ni forms the basis for different topo- ©
graphic parameters like slope angle, slope aspect, planar and profile curvature, rough- ;
ness and relative relief (e.g. Fig. 2m and n). Slope angle, slope aspect and curvature
are calculated wmh standard Esri ArcGIS précedutes by fitting a plane to the elevation o
values of a 3 x 3;cell neighbourhood around the corresponding cell (Horn’s method). 2
The slope angle for this plane is ca;culated with the average maximum technique and @
the aspect is the direction the mane faces (Burrough and McDonnell, ¥998). The cur- S
vature is the second derivative of the fitted plane. Local roughness has been assessed §
with the local standard deviation of the elevation values within a 9 x 9 moving window. &
95 m =
The relative relief as-been calculated by determining the difference between minimum &
and maximum elevatiorbwithin a moving circular window of 5 km radius. :g
0
5.6 Climate 2
p &
The climate of western Norway displays large variations ifi between the coastal ar- 7§
eas and the areas with high relief further mlancl The coastal area of.the study-area ;
includes the areas with the Iargestfnol'mal anhual precipitation (3770 mm) as well as
the highest normal annual temperatures (7.47°C) of éntiré Norway. By contrast, the ©
mounlam"afeae«- exhibit large areas with annual temperatures of —4°C or Iess repre- 5
senting the lowest annual temperatures. The precipitation is essentially influenced by &
the large weather systems mainly coming from west, resulting in a zone of maximum g
precipitation along the coast and thejmbuntain froht. ©
Climatic normals of annual mean temperature and annual total precipitation for the 3
period 1961-1990 were obtained from the Norwegian Meteorolegical Institute (Fig. 20
and p; Tveito et al., 2000)./ <
6 Results of the spatial analysis ] JTR 8 | 2
o
Ordered continuous parameters wiere classified in 40 equal classes for the spatial ;
analysis. Weights (W"* and W™) and studentised contrasts stud(C) were calculated ; =
for all controlling parameters class-wise and for some parameters additionally cumula- I
tively from lowest to highest class (ascending) and highest to lowest class (descending)!~~—_

(Fig. 3). Theselcumulative calculations allow defining & Value where the parameters| o
have no influence on rockfall anymore. Thel ‘cumulative ascending welght calculation| V5
has“been used for controlling parameters_where low threshold values a.r@ ‘expected
to have a spatial influence on rockfalls, like ‘the distance to Imeaments? Cumulative 5
descending weight calculation-hes Been used for controlling parameters‘ where high Y
threshold values are expected, like seismicity, uplift, lineament density and precipita- ®
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¢
tion. All spatial analyses were dene within the training area, thus within a road buffer of
1 km.

[l

6.1 Bedrock geology
2D AL

L S

Analyses results of the bedrock geology indicate that only felsic foliated rocks have an
increased susceptibility for rockfalls, whereas sedimentary rocks, metarhorphic rocks
with low mechanical strength, plutonic rocks and quartzite are significafitly decreasing
the susceptibility for rockfall (Table 2). However, the positive relations have only low
weights in contrast to the negative relations, where a W* of —1.19-forsedimentary
rocks is displaying one of the largest absolute values of the calculated weights for all
parameters. Mafic and ultramafic rocks as well as marble have no significant relation to
the occurrence of rockfalls. This is in contrast to Saintot et al. (201 15',/ who claimé&d that
metamorphic rocks with low mechanical strength as well as mafic and ultramafic rocks
are particularly prone to rock slope failures. They observed that mafic and ultramafic
rocks in western Norway are strongly weathered and highly fractured, yielding to larger
numbers of, Yotk SI6PE instabilities. The positive relatiori &f rockfalls to felsic foliated
rocks may'Instead highlight that the structural control is larger than any lithological
control on the development of rockfalls.

The analysis results of the tectono-stratigraphic positions indicate that only the mid-
dle allochthon has a significant positive relation: With the accurrence of rockfalls (Ta-
ble 2). The other units have all significant negative relations t6 the occurrence of rock-
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falls, except lhe,i"uppermo@t,-allochthon. These results do not confirm the original as- * _

sumption that the tectonic weakening, which is higher in the nappes than in the base-
ment, may be a cause for higher rockfall activity.

Analysing the influence of the metamorphic grade on the occurrence of rockfalls
yields a small positive relation to a high metamorphic grade and a negative relation to
no, low and medium metamorphic grade (Table 2).
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6.2 Quaternary geology

The spatial analysis of landslide deposits and bare rock outcrops with respect to the
occurrence of rockfalls, exhibits a strong positive correlation of landslide deposits to
rockfalls and a medium positive correlation of bare rock outcrops to rockfalls (Table 2).
These results highlight the strong influence of the registersd impacts on the road in-
stead of the source areas. For registered source areas a larger positive correlation to
bare rock than landslide deposits would be expected. However, present landslide de-
posits may highlight active rock cliffs and are thus yielding valuable information in order
to define rockfall susceptibility.

6.3 Tectonic structures

Geologic lineament density indicates a positive spatial relation to the occurrence of
rockfalls for high densities and a negative relation for low densities (Fig. 3a). In addi-
tion, the analysis exhibits less rockfalls in the vicinity of tectonic lineaments. Rockfalls
occur preferentially within a distance of 1400 to 3800 m from a geological lineament.
However, it is questionable if the lineaments can theoretically still have an influence
on rock slope stability at those large distances. Theoretically an increasing lineament
density or a closer distance to lineaments are assumed to cause a higher amount of
fractures and subsesuem an increased weatherjng, both reducing the rock strength
(Ambrosi and Crosta, 20086; Brideau et al., 2008). The geomorphic lineament map dis-
plays no clear relation in between lineament density nor distance to lineaments and the
occurrence of rockfalls. ™

6.4 Neotectonics
6.4.1 Present day uplift

The analyses of the uplift grid indicate# a positive spatial relation to the occurrence
of rockfalls for medium to high uplift values, but negative relations for low and very
98 /
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high uplift values (Table 2, Fig. 3b). Regional uplift can theoretically be the cause for
increased relief and, the;;}are, fmay negatively affect the stability of rock slopes
n.?galadini, 2006; Martino et a¥, 2004). However, it remains unclear, which effect the
amount of UPlift has. The relation. in.between uplift gradient and the occurrence of
s rockfalls exhibits a negative relation ~f\or low uplift gradients and a positive relation for

' medium to high gradients (Table 2, HQ 3c). ’

6.4.2 Seismicity

Seismicity may represent a potential trigger of rockfalls (e.g., Keefe?,/1 984; Marzo'rgti
et al., 2002) or may lead to rock mass strength reduction as a long term predisposing
w factor (Jaboyedoff et al., 2003).”In the study area the€eismicity jon land is in general
too low in-erder-to trigger rockfalls (Keefer, 1984) and it should primarily be considered
as a long term predisposing factor. However, the analysis results of earthquake density
do not indicate any clear relation iR between the location of rockfalls and earthquakes.

6.5 Topography
WA
s As described above the registered impacts on the road instead of the source areas
cause major problems when analysing the DEM or derivatives of it, like resulting in pos-
itive spatial relations of rockfalls to low slope angles, planar or profile curvature around
zero as well as low roughness values. Those properties can consequently not be used
for describing relations t6 the occurrence of rockfall sources. However, the analyses of
20 relative relief and slope aspect resulted in statistically and geologically significant spa-
tial relations. Areas with a relative relief larger than 1020 m but smaller than 1620 m are
prone to rockfalls, for areas with lower or higher relief the rockfall susceptibility is de-
creasing (Table 2, Fig. 3d). In addition, it can be demonstrated that a slope aspect from
206° to 332° (SW-NW) is prone to develop rockfalls, whereas other slope orientations
25 have a negative relation to the occurrence of rockfalls (Table 2, Fig. 3e). A small positive

correlation is also found for a slope aspect from 107 to 134° (ESE-SE). As described
99

he sdid

above the climate in the study area is primarily influenced by large weather systems
mainly coming from west. This results in a larger exposure of west-facing slopes to
precipitation. However, this cannot be the only reason, sinee the spatial relation be-
comes less clear when analysing the general valley trends with a coarser grid. These
s slope orientations experience also the most intense melt water production, be'fguse of
the combined favoured exposure to wind and solar radiation (Sandersen et al.; 1996).
On the other hand, Bjerrum and Jerstad (1968)'{11 Sandersen et al. (1996y§tate't?at
frost shattering is the most important factor for rockfalls in Norway. Diurnal freeze and -
P &*}.’,}thaw cycles are in gene;) most effective on slopes facing SE to SW (Baillifard-ét al.,
1w 2004; Matsuoka and Sakai, 1999; Santi et al., 2909),/ Nowever frost weathering of rocks
depends on more factors than solely temperature and solar radiation (Matsuoka and”
Murton, 2008; Matsuoka, 2008).

6.6 Climate
{

A strong negative spatial correlation ji between the occurrence of rockfalls and normal
15 annual average temperatures lower than 0.5°C has been identified. Higher tempera-

tures, however, do not have any clear spatial relation to the occurrence of rockfalls.

Low normal annual total precipitation values are increasing the rockfall susceptibility,

and very low values below 740 mmyr'1 as well as values above 1100 mm yr" have

a negative relation 10 the occurrence of rockfalls (Fig. 3f). Sandersen et al. (1996)$tate !
20 that the precipitation is one of the most significant factors controlling rockfalls besides ¢

freeze-thaw cycles. However, this cannot be confirmed by analyzing normal annual

values. It might be rather extreme events thét have am influence on the development of

rockfalls- , . . e '
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7 Resulting susceptibility maps

Controlling parameters that have a clear and significant spatial relation to Jth'a occur-
rence of rockfalls were selected and regrouped into fewer classes, based on observed
relatiors, so that the groups represent coherent relations with respect to the occurrence
of rockfalls. Breakpoints that maximise the spatial association between rockfalls and
controlling parameters and that are statistically significant have been identified based
on calculated weights (W™ and W ™) and studentised contrasts stud(C). The final clas-
sifications with the corresponding weights are summarized in Table 2. These controlling
parameter maps were used to produce susceptibility maps based on the Weights-of-
Evidence method for the training area. More than 50 different susceptibility maps with
different parameter combinations were produced, testing the influence of each con-
trolling parameter. Conditional independence was tested for all models and models
where this assumption was \@__I@_tﬂ were rejected. The model with the best perfor-
mance was defined based on success rate curves and validated with a prediction rate
curve (Fig 4a_%,_',|'hi§ model includes the controlling parameters tectono-stratigraphic
position, q)h'éfem‘a'-él geology, geological lineament density, relative relief and slope as-
pect and has an area under the success rate curve of 0.75. Success and prediction rate
curves are very similar; however, it is néﬁéééblé that the success rate ‘g:_urvgjs slightly
lower than the prediction rate curve. This ig;in aﬁ‘perall the opposite":;m&"the success
rate curve is obtained using the data with e model was Egjculated, whereas for
the prediction rate curve the validation data is Used, that has not been included for
producing the model. It indicates that the validation data fi}s the model better than the
training data. The prediction rate curve reveals that the model detects 70 % of rockfalls
from the validation data set within 30% of the training area.

Finally, a susceptibility map was calculated for the entire land area of the study area
using the model obtained and validated within the training area (Fig. 5a). The final
susceptibility map is characterized by in general lower susceptibilities close to the coast
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and higher susceptibilities further inland. In addition, an increasing susceptibility from
north to south can be observed.

Especially the entire inner fiord system of Sogne Fjord displays higher rockfall sus-
ceptibilities. At last the obtained susceptibility map was intersected with the source
areas from the physically based rockfall susceptibility map (Fig. 5b and Fig. 6). The
resulting susceptibility map is now restricted to areas that are steep enough to gener-
ate rockfalls. This is an important step, because the slope angle has not been included
into the model so far. The physically determined rockfall source areas are now updated
with relative probabilities.

8 Discussion

It has been questioned whether the existing slope failure inventory in Norway is suit-
able for statistical analysis or not because of its strong restrictions, mainly temporal and
spatial discontinuity and incompleteness. However, temporal and spatial censoring of
data is a problem that most,inventories face including underreporting of data, incom-
plete data, inadequate sample time intervals or protective measures in high susceptible
zones (Hungr et al., 1999). This study aimed to investigate the feasibility of statistic and
probabilistic methods for analysing the inventories existing in Norway focusing on rock
slope failures. The results confirm that the existing data in fact can be used to gain
further knowledge about the controlling factors for rock slope failures in Norway based
on statistical analysis in spite of strong restrictions. The results are robust with respect
to changes of the study area as well as of the inventory and the restrictions have thus
a limited influence. This study demonstrated the possibility of using road inventories for
statistical analyses and should encourage for further analysis of the remaining inven-
tory covering entire Norway in order to study regional variations within the controlling
parameters.

Even if this study claims to be quantitative, a certain degree of subjectivity remains,
when choosing the parameters for the final susceptibility map. Spatial relations of the
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controlling parameters were judged based on expert knowledge whether they are ge-
ologically reasonable or not. Detalled geological knowledge about the study area is

always required in order io be able to produce ¢redible susceptibility maps. This small
scale susceptibility map should be primarily used as a first order susceptibility map in 4

order to detect hot spot areas, where critical factor combinations occur. More detalled
investigations should be performed in areas that were identified as especizlly critical so
that more precise susceptibility maps and additionally hazard maps can be prepared.
By replacing probabilities with relative frequencies,it must be assumed that alf rock-
falls are known and the applied methgﬁs are thus strongly dependent on the complete-
ness of the inventory {Schaeben, 2012}. This Is however,assumed to¥be not the case
for this study and will thus lead to an underestimation of the prior probability resutt-
ing in a bias of the weights as well as the final susceptibility {Agterberg an¥l Cheng,
2002). Furthermore, the calculation of the susceptibilify map with help of the Weights-
of-Evidence method depends on the assumption of conditional independence. How-
ever, even If the tesis for conditional independence do not reveal a strong violation of
this assumption, a ¢ertain degree of conditional dependence will always be present in
natural applications. Conditional dependence wilt lead to an overestimation of the finai
susceptibility. Based on our experience,Weights-of-Evidence is a very powerful method
for data exploration, but its application is limited for combining datasets to a su;a'gepti»
bility map due to the mulliple assumption of conditional independence (Béhme, 2007
Schaeben, 2012/ As logistic regression is ¢closely related to Weights-of-Evidence, but
not based on the assumption of conditional independercg, this methed yields a good
alternative in generating susceptibility maps (Hosmer and Lemeshow, 2000). How-

IM ’ ) MQ Sy ever;-applying logistic. regresgion with the sarne controlling parameters within the train-

/ !ﬁtb )} 'ﬁ ‘1lng area, resuits in a very similar susceptibility map as with the Weights-of-Evidence
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method, but in total with larger posterior probabilities. Success rate curves display that
the results from both methods yield comparable predictabilities (Fig. 4a) and suscep-
tibitities are thus most likely not over estimated by the Weights-of-Evidence method.
Resulting posterior probatilities are in general very low with the highest posterior prob-
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ability of 0.0027 for the source zones. For comparison, the prior probability for rockfalls
in the study area is 0.0001 for each call.

9 Conclusions

The spatial relationship between rockfall occurrence and potential controlling param-
eters in the county of 5 gn an Fjordane has been evaluated using the Weights-of-
Evidence method. é\f’alzrnary geolegy, tectono-strati ra hic position and geoclogical
lineament density have the strongest spatial refatiort6 fhe occurrence of rockfalls in
the study area (Table 2}. A rockfall susceplibility map {or the entire county of Sogn and
Fjordane could be calculated based on the resulls of the stalistical analyses of the
controlling parameters, The model with best eg?rmance includes the controlling pa-
rameters tectono-stratigraphic position, q'fm Frary geology, geslogical lineament den-
sity, relative refief and slope aspect, Combining the statistical susceptibility model with
a physically based model restricts the susceptibility map to areas that are steep enough
to represent a potential rockfall source. This combination makes it possible fo use road

inventories, with registered impacts instead of sources, for susceptibility modeliing.
At Loy 4.
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‘Table 1. Statistics about the rockfall events along the roads and within the training area.

Number of perroad  perkm’ of
rockfall evenis km the training area
Minimum 9] 0
Maximum 166 2!
Average 1.05 0.54
Standard deviation 5.02 3.43
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Table 2. Overview of classified controlling parameters used to calculate the susceptibility maps
and their spatial association with the occurrence of rockfalls. In italics: parameter classes that
are statistically not significant. In bold: controlling parameters that are included in the best
performing susceptibility model.

Pasameter Paramatar cass Araa  Numberof rosidalls WS a(WT) W o) o @} shud(C) ===
T
Granuiar sedimanary (ocks 257 50 -1.36 014 D005 002 141 014 -988 ()
Matarnarphis rocks with low michanical strangth 905 533 -028 004 008 002 031 005 661 =
Falsic fokatad rocks 2296 21T 022 002 -034 003 056 004 1508 g
Fack type Plutone rocks. 657 426 COTE 005 003 002 -098 005 -356 &
Matic: and uitramatic rocks 8 7 010 038 000 G002 010 038 0.2 &
Marbio 1 [ 00 000 600 000 000 000 000 @
Quartrte 165 64 =067 013 002 002 =068 013 =546 o
Lowes allochton 1463 T04 —048 004 0T 002 063 004 1481 =
Mddde allochlon 1028 1450 (0E2' 003 -031 002 083 004 26850 f
Tactona. Upper allachian 185 &7 ~030 011 001 002 -D31 D11 =285 t.{“" "nﬂ
siratigraphic |\ ormost alochton 15 & 0,36 —TIT 00— Tz U O 01 ¥ Lol
posticn Devonian seciments 254 48 STAT 015 005 002 ~148 D15 887 ‘Ke G
Autochihion 13TE 964 =008 003 004 002 =012 004 =308 I er. ]"
NadJ e 478 187 =048 007 004 002 =054 007 =728 - u ’
Matamorphuc &72 204 =078 007 008 002 083 007 -1154 R .
grade Madum 155 a7 -p3g o1 o a2 -03 01 -2ES
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Quaternary  Landslide seposis 489 05 '.p_@g_(- 003 -D20 002 110 004 2799 | =
gealogy Bare rock 1708 1618 (022! 002 ~-018 002 040 004 1137 {U.g :
Others 2082 736 -077 004 041 002 -1 04 -2824 2.
Geologleal  0.038-0.447km km 2260 w0es 052 003 038 002 080 004 —23TE % '
lineament 0,447-0,812km ke~ 1991 2182 037 002 -048 003 085 004 2282 o
denshty 0.812-0.888km km 30 54 086 014 001 002 087 004 B30 %
2.06-315mmyr”' 3034 153 =041 003 060 002 =101 004 -28.77 La |
uplift 345811 mmyr 1128 1714 00\ D02 -044 003 13 004 3233 a
411233 mmyr ! 118 11 o om0 oo -213 030 -7.04 o
UUpith grachart u.um—n.mos: 1406 654 3 =048 004 017 002 066 004 =157 {‘e
0.0008-0.0024° 2885 2605 LOUR 002 -049 004 0E6 004 157
45-1020m 2125 a0 ~058 003 038 002 ~084 004 -24.08 =
Relative rellef  1020-1620m 1911 e Q43 002 -086 003 089 004 260
1B20-221Tm 255 128 =041 008 00R 002 =043 0.08 475
o107 1404 638 -052 004 08 002 070 0.04 1575 g
107-134" 263 240 (08. 006 -001 002 020 007 286 W
Slope aspect  134-206" 850 640 ‘=02 004 003 002 ~0.45 0.4 -343 o
206-332" 1348 1548 (641 003 -027 002 088 004 1928 =
332-359" 26 188 -022 007 002 002 -024 007 -326 g
Nermal 500-741 mamyr ' 157 46 -085 035 002 002 -088 095 -658 a
annual iotal 741-1183mmyr”’ B2 13ar L ¥ 040 003 =037 002 141 004 3646 =]
precpitaton 1143=3T13mmyr " 3500 1876 035 002 0B84 003 120 008 3373 o)
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Fig. 1. Overview of the study area, Sogn and Fjordane County dlsplaylng the rockfall density
within a road buffer of 1 km. This road buffer forms the limit of the training area used for statistical
analyses. The inset shows the location of the study area within Norway.
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Fig. 2. Overview of analysed parameters. (a) Rock type (SED: granular sedimentary rocks, éu
MET: metamorphic rocks with low mechanical strength, GNE: felsic foliated rocks, PLU: plutonic @

rocks, MAF: mafic and ultramafic rocks, MAR: marble, QUA: quartzite); (b) tectono-stratigraphic
position; (c) metamorphic grade; (d) qﬁi‘l&rﬁh«‘y geology; () geological lineament density; (fy
distance to geological lineaments; (g) geomorphological lineament density; (h) distance to geo- o
morphological lineaments; (i) uplift; (k) uplift gradient; (I) earthquake density; (m) relative relief, &
(n) slope aspect; (o) normal annual total precipitation for the period 1961-1990; (p) normal §
annual mean temperature for the period 1961-1990. =}
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. y P, J
Fig. 3. Examples for results!of the spatial analysis with the Weights-of-Evidence method. All
continuous parameters have beez/ieclassified into 40 classes each. Weights (W* and W™)
and studentised contrast stud(C)
cumulative descending (a) or ascending classes in order to obtain the spatial relation of each
class to the occurrence of rockfalls. Horizontal pink lines mark |stud(C)| = 2, thus all studentised
contrast values above or below have a significant spatial relation. The final classifications are

indicated by blue brackets. (a) Geological lineament density (cumulative’'descending classes).

Local maxima of stud(C) are used as breakpoints for the final reclassification. All classes[ﬁg?ht
of the maximal stud(C) have a negative association to the occurrence of rockfalls, resulting

in decreasing W* and stud(C). (b) Uplift. No clear peaks, but in general a positive relation

for medium to high uplift. (¢) Uplift gradient. One distinct positive peak at low uplift gradient
is displayed. (d) Relative relief. Weights exhibit two major positive peaks. (e) Slope aspect.
A clear positive relation for slopes facing SW-NW can be observed. (f) Normal annual total
precipitation. One major positive peak for low precipitation values can be observed.
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Fig. 4. (a) Success rate and prediction rate curve for the best performing Weights-of-Evidence = —
model as well as success rate curve for logistic regression model using the same parameters as o
the Weights-of-Evi e I. All three curves are very similar. (b) Distribution of the posterior &
probability for all r rockfalls. 70% of the rockfalls have a posterior probability larger g
than the prior probability of 0.0001. Posterior probabilities are classified into five susceptibility 2
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Fig. 5. Resulting susceptibility maps based on the controlling parameters tectono-stratigraphic
position, quaternary geology, geological lineament density, relative relief and slope aspect. (a)
Susceptibility for the entire land area and (b) for the physically determined source zones from
Derron (2010).
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Fig. 6. Detail of the different susceptibility maps. For the location see Fig. 5. (a) Susceptibility
within a road buffer of 1km, which has been used as training area for analyzing the spatial
relation between rockfalls and controlling parameters as well as for validation of the model. (b)) o
Susceptibility for the entire land area based on the model set up from (a). {(c) Rockfall sus- £
ceptibility map based on Derron (2010). (d) Combined rockfall susceptibility map displaying the §
physically determined source zones from Derron (2010) updated with probabilistically assessed &
susceptibilities. (e) Distribution of susceptibility for the registered rockfalls within the displayed ?u
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