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ABSTRACT

This research describes an application of an existing method for evaluating landslide susceptibility in
alpine contest that may be considered a useful support in better land-use planning and risk management.
In order to perform the method and improve it creating landslide maps of probability, we investigated
the several conditioning factors that in general affected these morphological processes. Firstly, a land-
slide inventory was prepared using both in-depth analysis of historical records and aero-photos (or
orthophotos) investigation. Secondarily, a set of conditioning factors which may affect slope movement
and failure (particularly lithology, geomorphology, land use, slope angle and aspect) was considered.
Then, the method involved the application of GIS techniques, specifically, spatial Data Analysis appli-
cation. The thematic maps of conditioning factors overlapping together with the support of the raster
calculator allowed the susceptibility map creation. The method was applied to the Germanasca Valley,
a small basin in the Italian Western Alps. This easy to use method allows one to individuate various
classes of susceptibility and to identify slope, lithology and geomorphology, driven by old landslide
events as the main conditioning factors. Furthermore, the individuation of area susceptible to landslides
verification is strictly related to risk and, as a consequence, this method permits specific zone to be
selected for detailed engineering geology studies in land-use planning.
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1 INTRODUCTION
A landslide can be defined as the movement of a mass of rock, debris or earth down a slope
[1]. Landslides can have several causes, including geological, morphological, physical and
human, but only one trigger. The most common natural landslide triggers include intense
rainfall, rapid snowmelt, water-level change, volcanic eruption and earthquake shaking [1].
Also other kinds of phenomena like pyroclastic grain crushing, due to suction variation, may
induce landslides in a volcanic area [2]. In addition, landslides represent one of the primary
and serious risk factors in mountainous areas where the human impact is high, so potential
landslide-prone sites should therefore be identified and monitored. The definition of a land-
slide risk map includes zonation showing temporal probability (likelihood) of a landslide
occurring throughout an area [3]. On the contrary, the basic concept for landslide susceptibil-
ity involves the spatial distribution of landslides-prone areas without any temporal implication
[4]. Tools for handling and analyzing spatial data (i.e. GIS) may facilitate the application of
quantitative techniques in landslide hazard assessment and mapping [5]. The increasing use
of GIS techniques since the 1980s has led to the development of methods that could address
these problems [6—8]. This paper intends to deal with these problems and illustrates a method
that, incorporating GIS (the software is ESRI ArcGIS ®) techniques, is also easily applicable
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to small mountain basins. A multi-criteria evolution technique, characterized by advantages
like the requirement of just few parameters and fast analysis, was selected. This method was
verified on a small area in North-Western Italy: the Germanasca Valley. The resulting cartog-
raphy can work at small-scale (1: 50,000 — 1:100,000) on small or medium basins, so the
result may be acceptable even when various types of landslides are considered together. In
addition, the subdivision need not be necessarily detailed but reliable. The map can be used
not as a predictive tool, but rather to individuate a spatial prediction of landslide occurrences,
so that a monitoring system started there.

This can be a further valid support for local authorities, need to acquire, quickly, data and
reliable technical support.

2 THE STUDY AREA

The Germanasca Valley lies in the central sector of the Cotian Alps (Western Piedmont, NW
Italy), bordering to the North, West and East with the Chisone Valley and to the South with
the Pellice Valley (Fig. 1). It extends around 197 km? in area. The hydrographic network has
a convergent dendriform pattern. The main morphometric features are listed in Table 1. The
geological properties of the study area and the chief morphogenetic processes associated are
described in the next sections. Human intervention is widespread in the valley bottoms and in
the mid-lower slope areas, where villages are located and the chief agro-silvo-pastoral activi-
ties are carried out. Talcum mines and quarries are also present. In the Germanasca Valley, the
pluviometric regime is Prealpine continental [9].

The mean monthly rainfall has a bimodal pattern with two maxima, a higher one in spring
and a lower one in autumn, and two minima, one in winter and the other in summer. Spring is
the season with the greatest amount of rainfall and number of rainy days, while autumn is
marked by maximum rainfall intensity. The seasonal rainfall distribution is similar throughout
the basin. The average monthly temperature in Perrero station ranges from —0.1°C in January
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Figure 1: Sketch map of the Germanasca Valley (Piedmont Region, NW Italy). TIN figure on
the DEM 50 x 50 grid. The squares indicate the main villages of the valley.



C. Audisio, et al., Int. J. Sus. Dev. Plann. Vol. 12, No. 5 (2017) 885

Table 1: The chief morphometric parameters of the germanasca valley. measurements taken
with gis techniques on the regional technical map, scale 1:10,000.

Morphometric Parameters Units Value
Basin area km? 196.86
Basin perimeter km 68.23
Max elevation m a.s.l. 3,060
Min elevation m a.s.l. 600
Mean elevation m a.s.l. 1,871
Basin circularity 0.53
Drainage density km/km? 3.23
Constant of channel maintenance km?*/km 0.31
Number of streams n 1,411
Stream length km 635.42
Bifurcation ratio (ponderale mean) 3.98
Direct bifurcation ratio (ponderale mean) 3.00
Bifurcation index (ponderale mean) 0.98
Number of hierarchical anomalies 1,253
Hierarchical anomaly density 6.36
Hierarchical anomaly index 1.19

a.s.] = above sea level

to 18.0°C in August (mean annual 9.1°C). The average annual days of frost is 92 [10]. An
analysis of the rainfall events lasting some days was done over a span of ninety years [9, 11].
The analysis points out that the most common rainfall event has a mean duration of 3 to 5 days,
with the peak day occurring between days 2 and 4. The seasonal distribution of rainfall events
(for this basin, total rainfall > 100 mm) has one maximum in autumn and another in the spring.
Extreme rainfall events (for this basin, total rainfall > 250 mm) last 8 days on average and most
often peak on day 4 (39%). These events occurred most often in spring and autumn.

3 MATERIALS AND METHODS
With this method, several thematic maps are constructed each representing a factor that con-
ditions a landslide. The predisposing factors were chosen based on experience and knowledge
of the region conditions, but an historical data landslides inventory has been added. In addi-
tion, the made widely use of GIS for analysis and map elaboration.

Landslide susceptibility is determined from the preparatory variables that make the slope
susceptible to failure without actually initiating it. By combining these factors with the temporal
aspect of triggering variables, a map according to the risk definition can be obtained. The pri-
mary objective is to generate susceptibility maps, the method was restricted to some
conditioning factors. In this study, we used geology, geomorphology, land use, slope and aspect.
These factors were derived partly from survey data and photointerpretation (second data entry,
Fig. 2) and partly from a Digital Elevation Model (DEM Regione Piemonte, third data entry,
Fig. 2). All the combining factors were inserted in the GIS as different layers. Each conditioning
factor affects the landslide phenomena with a determinate weight [1]. Therefore, a weight was
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assigned to each combining factor basing our choice on exploring possible situations in alpine
area (weight range 0—1 in Table 2). Moreover, each factor includes different classes (e.g. the
bedrock map is characterized by different lithologies). Each class has a different influence on
landslide conditioning. We assigned a rating to each class, according to the influence that such
a class has in this area. The ratings had values within a range from 1 to 10 and they are briefly
specified in each class. The lower the rating is, the lower is the influence on landslide probabil-
ity. Based on these ratings, through the use of GIS we converted the triggering factors from
vector to raster and the GIS generated various maps, specific to each factor. We inserted these
maps in a spatial analysis and we obtained a series of preliminary susceptibility maps using a
simple raster calculation (addition and multiplication as in Fig. 3).

Then, we added to each map the raster of landslide historical inventory: the presence of
landslide increases the landslide susceptibility, its absence doesn’t affect susceptibility (feed-
back analysis). This process led to the generation of definitive landslide susceptibility maps.
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Figure 2: Flow chart of landslide susceptibility analysis.

Table 2: Causative factors and assigned weights for each susceptibility map.

Map 1 Map 2 Map 3 Map 4 Map 5 Map 6
Aspect 0.20 0.05 0.05 0.05 0 0
Slope 0.20 0.30 0.40 0.20 0.40 0.50
Geology 0.20 0.30 0.20 0.20 0.30 0.50
Geomorphology 0.20 0.30 0.30 0.40 0.30 0
Land use 0.20 0.05 0.05 0.05 0 0
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Figure 3: Sketch of the applied methodology for obtaining map 6; numbers and maps are

only examples. The same sketch can be done for the other maps.
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Figure 4: The classified susceptibility maps obtained with the method for the different
combination of weight assignment. Intense red color denotes higher susceptibility.

These maps, however, cannot be directly used, but need to be reclassified, from high to low
values, based on the frequency information from the histogram; processes directly made by
the use of GIS (Fig. 4). Finally, a validation process for choosing the most reliable suscepti-
bility map has to be done.

3.1 Landslides inventory

Landslide susceptibility evaluation should be based on a detailed analysis of land dynamics
and previous landslides activities. The landslide inventory derived from the analysis of
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historical data and aerial photographs. The CNR-IRPI historical landslide inventory of the
Germanasca Valley spans a period from 1,763 to the present. The inventory permits the
retrieval of preliminary information about landslide location and timing. The historical inven-
tory of the study area contains reports on 153 landslide events including rock falls, planar and
rotational slides, complex landslides and debris flows. Moreover, the use of historical data for
analyzing geomorphological processes implies a number of problems: absence of relevant
evidence (magnitude, process duration and areal distribution) and historical data are not of
first hand source. The correct approach implies a logical process that allows the extrapolation
of useful information from the paper documents. This process has allowed to make the
records more suitable for GIS. We inserted all the information in the GIS, using a specific
tool, as a point layer because it is a better way to graphically represent standard historical data
[12]. Since the historical research can leave some doubts about the distribution and the areal
extension of each phenomenon, aerial photographic analysis can contribute importantly to
complete the historical inventory and to have landslide distribution and reconstruction of
their evolution in the last sixty years. The analysis was then compared with the published
information from national studies [13]. For the purposes of our study, the landslide informa-
tion taken from photointerpretation was digitized as polygons. This layer was then
incorporated into the geomorphologic map of the basin.

3.2 Geology

The study area is located in the central part of the Western Alps where an imbricated stack of
the continental crust (Dora Maira massif) and oceanic units (Piedmontese Zone) are recog-
nizable [14]. In the upper basin of the valley there are outcrops of oceanic units (calcschists
— high rating) with small but rather extensive metabasites and amphibolites (low rating).
From the mid-valley to the confluence with the Chisone Stream the outcrops consist of litho-
types, such as graphitic micaschists (also with phengite, quartz, biotite and garnet), graphitic
schists characterized by high foliation (low rating), fine-grained gneiss with a graphitic
composition and metaconglomerates (medium to high rating [14]).

The quaternary deposits comprise glacial deposits in the summit areas of the valley,
particularly evident talus at the foot of rocky outcroppings and deposits resulting from fluvial
dynamics (medium to low rating).

3.3 Geomorphology

The Germanasca Valley is the product of fluvial and slope dynamics in glacial modeling.
Traces of deposits and forms resulting from glacial modeling are now present only in the
uppermost parts of the basin. The deposits and forms produced by fluvial and torrential
dynamics are concentrated along rivers. Slope dynamics is the predominant modeling factor
in the basin. Specifically, the characteristic geomorphologic context in which the area devel-
ops, slope steepness and its geology are among the chief reasons for the concentration of
landslide phenomena in this area. About 30% of the study area is affected by the landslide.
Based on aerial photographic analysis and fieldwork, the landslide inventory map, showed
that most of the valley is characterized by extensive deep-seated gravitational deformations,
partially reactivated as complex landslides, falls, small rock/debris slides and minor flows
concentrated chiefly in stream incisions. The sectors in deep-seated gravitational deforma-
tions occupy about 30 km? (15% of the total area), while complex landslides about 12 km?



C. Audisio, et al., Int. J. Sus. Dev. Plann. Vol. 12, No. 5 (2017) 889

(6% of the total area), such as falls and toppling. The last two are very common owing to the
presence of various outcrops, particularly at higher elevations. Only about 1 km? of this area
is occupied by rock/debris slides similar for flow-prone areas and soil slips. Identifying flows
was very difficult because the phenomena are punctual and not so common. Since the area
occupied by flow and soil slip is so small, they were not considered in the susceptibility
analysis. Ratings were assigned to stable and active landslides.

3.4 Land use

Vegetation cover and land use contribute less to defining landslide susceptibility than to
implementing the preparatory variables listed above. Generally, barren areas are more subject
to superficial erosion and wash out, whereas vegetation cover with a well developed root
system may diminish processes affecting superficial soils (i.e. soil slip).

The type of vegetation and its degree of density will variously influence the rate of erosion
in an area. Land-use analysis was conducted using a photointerpretation study of the basin
[15]. The data were analyzed, grouped according to the vegetation class morphology. In this
way, five classes were defined from low to high rating: streams, lakes and urban areas, agri-
cultural land (pastureland and sown land), thickly vegetated areas (conifer and broad-leaved
wood), sparsely vegetated areas (scrubland) and barren land.

3.5 Slope angle

The slope angle was obtained from a digital elevation model with a 50 x 50 m grid and using
Spatial Analyst GIS extension (DEM Regione Piemonte). Slope angle varies from 0° at the val-
ley bottom along the Germanasca Stream to over 60° along the rocky banks of the upper valley;
slope angle values were grouped into 10 classes of 5°. Ratings were assigned proportionally to
the values and considering that the value for 0°-5° class is inherent only to the 5° slope.

3.6 Slope aspect

Slope aspect was obtained from a digital elevation model with a 50 x 50 m grid using Spatial
Analyst GIS extension (DEM Regione Piemonte); slope aspect values were grouped into
eight classes of 45°. The data show that the west-facing sectors (high rating) have the highest
proportion of area susceptible to landslide comparing with inventory whereas those facing SE
to NE (low rating) are characterized by the lowest percentage.

4 RESULTS AND DISCUSSION
The process enabled us to create various maps (Fig. 4) that differed in content regarding
landslide susceptibility. Then, we validated the maps to identify the best correspondence to
the real situation in the study area. The first step was a qualitative validation. All maps showed
that the areas near the confluence of the Germanasca and Chisone rivers belong to the lowest
landslide susceptibility class. Also the main drainage network is easy recognizable: a lower
susceptibility class for the river and a higher class on the side slopes. Areas affected by pro-
nounced glacial phenomena, generally characterized by undulated morphology and low slope
angle, moderate amounts of debris and classified as pastureland, belonged to a low suscepti-
bility class on all maps with the exception of map 6. Taken together, these observations
provide a first evidence for the validity of the raster calculation. The quantitative validation
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was done by calculating the number of pixels for each susceptibility class and the number of
pixels actually in a landslide area for each susceptibility class; then the percentage of land-
slides that really occurred in each susceptibility class was calculated. The work was done for
each map. The percentage of surveyed landslides emphasizes the correspondence between
the evaluated and the real susceptibility, particularly for the high susceptibility classes. Map
6 has a larger high and very high susceptibility area than the other maps. Considering the
representativeness of the map, the percentage ratio between the number of pixels actually in
a landslide area in high and very high susceptibility class and the number of pixels in the
same class in the entire basin is the lowest (40% instead of 80%—90% of the other maps). The
map leads to overvalue of high susceptibility and to underestimate the lower one. The slope
and geology are the main conditioning factors for landslides in the study area, but detailed
geomorphological information can improve the spatial prediction. The weight assigned to the
land use and the aspect does not affect the analysis substantially. Map 1 (with 0,20 weight for
aspect and land-use) and map 5 (in which aspect and land use were not considered) shows a
different distribution and area of susceptibility classes but almost the same percentage of
surveyed landslides in each class, except for the very high value (94% and 81%, respec-
tively). Aspect and land use are the factors that mainly conditioned shallow landslides,
phenomena that are marginally present in this area, so they can be considered factors of lower
importance. While, the aspect may be very important for falls, in these conditions, the eleva-
tion also has to be considered: the importance increases with altitude. All the other maps
show almost the same percentage of all the susceptibility classes, map 2 presents the lowest
value. This analysis is supported by the overlapping of the four different maps. The overlay-
ing of map 2 with the others presents the lowest values. Overlaying the maps in twos, the best
overlapping is represented by maps 3 and 5 (54%). The main difference is the areas at very
high and very low susceptibility, which are higher in the map 3. Map 4 (high geomorphologi-
cal weight) best illustrates landslide area, but it has a rough susceptibility classification for
the other parts of the basin. Map 2 has the highest percentage of medium susceptibility class
but does not accurately represent the low susceptibility value. Maps 3 and 5 were generated
with the same slope and geomorphology weight, but different geology, aspect and land use
(Table 2). Comparing the two maps, using a Spatial Data analysis in the GIS, in the part of
the basin where landslides are present, the susceptibility is the same for 38%. Map 5 presents
an underestimation of 58% and an overestimation of only 3%. In the part of the basin where
landslides are absent, the correspondence between susceptibility in the two maps is 61% and
in the map 5 the underestimation is 26%. In conclusion, the maps are both powerful, but map
3 is to be preferred, for a better conservative evaluation of susceptibility. So, in the study area,
where the only slope and geology are combined the result is unacceptable. The use of aspect
and land use changes the result slightly but the geomorphological information improves the
susceptibility classification. A weight of 0.30 gives a reliable predictive power in the area not
yet covered by landslides. One consideration concerns the geology of the areas classified as
most susceptible to landslides. The high and very high classes comprised areas with geology
composed of calcschists, phyllites and micaschists. Our results are in line with those from
previous small-scale regional studies reporting landslide susceptible areas with geology con-
sisting of much the same components [16].

5 CONCLUSION
Since the method was calibrated on this investigation site, it may be applied to territories
where the lithological and morphological situations are similar; the alpine setting can be
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used. Furthermore, the final map can be easily analyzed also by non-specialized technicians
and become a reliable tool for local authorities to individuate the risk area. Furthermore, such
information could lay the basis for a more detailed study of landslide susceptibility in the
area, for example, considering the different typology of landslides separately. In addition,
landslide susceptibility of an unstable slope is closely correlated with diverse rock position
and structure. Current ongoing studies will apply this method to map other basins in the
Western Alps. The results of climate analysis studies examining rainfall characteristics, land-
slide and flooding [17] of the area will soon make it possible to evaluate the interaction
between rainfall and landslide susceptibility. The landslide susceptibility map of the
Germanasca Valley could provide a valuable reference for more accurate risk studies on site.
While our study does not offer a complete solution to the problem, it may provide a useful
tool for correct land-use planning and hazard management, which is of growing concern as
human pressure on the environment increases. Moreover, in order to gain more insights into
the risk evaluation, a subsequent step is the application of mathematical and numerical mod-
els that can be planned and focused to areas where the occurrence of landslides is most
probable. The mathematical models are based on the balance of important physical quanti-
ties, closed with specific equations including the material behaviour, erosion [18], rheology.
Numerical modeling is based on many different approaches, commonly very expensive by
computer time point of view: Finite Element Method; Finite Difference Method and so on.
However, more recently, a simplified, but reliable techniques, avoiding the cumbersome
necessity to build a numerical grid, have been applied to study, in particular, fast landslides
occurrence. Among these proposals the ‘mesh-less’ approach SPH (Smoothed Particle
Hydrodynamics), seems to be very promising (among many others: [19-22]).
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