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Abstract

The paper describes a simplified GIS approach, for landslides risk assessment
in the Province of Bergamo, developed for a GIS degree thesis at the faculty of
Engineering of the University of Bergamo. The subject has been and still is largely
studied by many researchers with the aid of rigorous mathematical/statistical
analysis tools. This work follows some procedures carried out by other studies,
but at the end it has been decided to adopt a simple, fast and not rigorous way
to find a solution. A following analysis, on the higher risk areas identified, has
also been performed to test their reliability, allowing achieving satisfactory
results. It has been planned to study the risk model more thoroughly, by tak-
ing into account other triggering causes for landslide susceptibility and to try
also a rigorous approach, so as to get a better idea of the results achieved so far
and how to improve them.
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1. Introduction

Landslides analysis is a subject which has been studied for a long time and it is
still of great interest nowadays. These terrible and fatal phenomena depend on
both natural and human causes, such as climate changing, glaciers melting, soil
disruption, earthquakes, etc. (Figure 1).

Recently, on the 23™ of August, a new event happened in Switzerland, in Val
Bregaglia, in the Grigioni canton, very close to the Italian province of Sondrio
(Figure 2 and Figure 3) [2] [3] [4] [5] [6]: a huge detritus mass has swept away
many old stables, chalets and houses and about 100 inhabitants have been

moved to safer places for precautionary measures. Luckily nobody living there
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Figure 2. The Alps Pizzo Cengalo landslide in Val Bregaglia [2].

Figure 3. The Val Bregaglia landslide [2].
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has been injured, but water and electricity have been interrupted and a main street,
used mostly by people living in Italy and moving to work in Switzerland daily
(the so called Frontalieri), has been closed and later opened only in a one-way
direction. Some hikers were reported missing at first, but in the end they have
been found safe and already back in Italy.

The very bad news [7] [8] has been given after some time, when 8 alpinists, of
different nationalities, have been at first reported missing in the Pizzo Cengalo
area, but later their search has been interrupted; in fact, it has been estimated, with
high probability, that the huge detritus mass of soil and rocks, detached from that
mountain, carrying downwards more than 4 million m’ of rocks at a 250 km/h
speed, must have swept them away, this way preventing their search and possible
retrieval.

Human loss, structures and infrastructures damages, the shock and fear for
people, all these are well known sad problems related to landslides, and also the
after effects need to be considered, like pollution of rivers and lakes caused by
the detritus mass fast flowing in them.

In fact, as a consequence of the just described event in Val Bregaglia, a river
has been classified as “dead”: The Mera river, flowing from Switzerland to Italy,
has been invaded by the detritus mass and its ecosystem and fishes have been
compromised, since completely stifled by the rock mass, fast destroying all forms
of life [9].

2. Landslides

Landslides belong to the gravitationally driven natural hazards (like avalanches)
and they depend on many causes: geological, anthropogenic, hydrological, mor-
phological and environmental. For this reason, the phenomenon is quite complex,
but needs to be seriously studied because of the huge damages to people, villages,
environment and infrastructures.

Many researchers have been and are nowadays studying different solutions
and risk assessment models. As a matter of fact, in literature it’s possible to find
many papers about different experiences developed with the aid of rigorous ma-
thematical/statistical techniques [10]-[24].

Landslides in Italy are not unusual, in fact, just in 2010, 88 landslide events have
caused many dead, injured and evacuated people [25].

The Superior Institute for Protection and Environmental Research (ISPRA)
has stated that Italy is quite a fragile country and landslide events have been rec-
orded in about 70.5% of its commons. According to the mapping work realized
by the IFFI project (Inventory of Landslides in Italy), starting from 1116, up to
2006, more than 480.000 landslides occurred in Italy, quite a large number if
compared to the corresponding amount in all Europe of 700.000 [25] [26]. The
causes are very heterogeneous: abundant rainfalls, earthquakes, but also anth-
ropic factors like deforestation and illegal development. According to the data
published by ISPRA, up to 2016, about 23.000 km? of soil have been depleted in
Italy (nearly 7.6% of the nation territory).
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The experience here described has been developed for the territory of the
Province of Bergamo [27] (Figure 4), which covers an area of about 2750 km?,
located mostly in the central part of the Lombardy mountainous region, with
Alps and hills, and in a little part of the Lombardy Plain. Its morphology (Figure
5) well reflects this heterogeneity, since it is 64% mountains, 12% hills and 24%
plane.

The climate is moderate subcontinental, but it is much diversified, because of

the terrain morphology just described:

Switzerland Trentino Alto Adige

Figure 5. The province of Bergamo morphology [31].
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- plain area: very hot and humid in summer, long and cold winter, but without
abundant rainfalls; during the year the temperature range is high and fog can
be very intensive;

- hill and mountain area: alpine climate with fresh summer with abundant rain
and long, cold winter with little rain.

The choice to select this test area is that our University has many students com-
ing from different places, but most of them live in the Province of Bergamo, above
all in the town of Bergamo and also in the surrounding valleys; these case studies
are then a good opportunity for them to get a better knowledge of the place in
where they live and of the great problems connected to this territory.

The Province of Bergamo has been working on the landslide issue for a long time,

since its territory is frequently vulnerable to these events [28] [29].

3. The Project

According to what said before, in this study the landslides triggering factors, taken

into account for landslide risk assessment, have been divided in five main cate-

gories here described.

- Morphological: the description of the terrain morphology through elevation,
slope, aspect and curvature.

- Geological: the description of the terrain composition through lithology and
geology.

- Geomorphological: the distance from faults and from ravines edges and the
seismic risk level.

- Anthropogenic: the distance from roads and land use.

- Hydrological: the distance from rivers.

- Environmental: rainfalls.

Some of the layers, useful for the analysis, have been downloaded from the
Lombardy Geoportal [32] as shapefiles, all in the WGS84 UTM Zone 32N refer-
ence system.

Also from the same portal, it has been decided to download a layer of the landslide
inventory in the Province of Bergamo. This inventory has been collected thanks
to the so called IFF project [33]-[38] performed by ISPRA (The Superior Insti-
tute for Protection and Environmental Research) and all the Italian regions in
the year 2000.

As for Lombardy, the project involved the region techniques, Universities and
research institutions; the number of recorded landslides events amounts to about
144.000 in Italy, 1327 of which in the Province of Bergamo.

The rainfall analysis has been developed starting with the download of meteo-
rological sensors data from the Lombardy ARPA (Regional Agency for the En-

vironment Protection) website [39] and it will be described thoroughly later.

4. Data Management

Thanks to many studies in landslides, deeply analyzed here [40]-[45], it has been
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learnt that these phenomena are strictly related to the terrain morphology, ie.
height, aspect and slope; geology, ie. clay, limestone, gravel and sandstone; hy-
drology, ie. distance from rivers; soil texture, Ze. grain size; distance from faults
and ravines edges, Ze. terrain fractures and man excavations; land use, ie. de-
forestation due to croplands, woods use and cattle breeding; distance from roads,
Le. traffic vibrations and rainfalls; the seismic risk level. All the useful layers for
data processing, as previously said, have been downloaded from the Lombardy
Geoportal.

4.1. The Rainfall Map

The rainfall amount has been the only not available information in the Geopor-

tal and, for this reason, it has required a long selection, collection and processing

work, at last providing a raster map useful for the final processing. Hereafter the
long procedure is schematized in steps:

- selection of a suitable number of ARPA Lombardia [46] meteorological sta-
tions, equipped with pluviometers (Figure 6), well spread in the Province of
Bergamo area and the surrounding zones belonging to other Lombardy prov-
inces;

- selection of a number of stations, between 20 and 30 for each year in the
2007-2016 decade, well distributed over the Province of Bergamo and neigh-
boring areas;

- downloading of the rainfall data [47], for each selected station, in the decade
just mentioned. These data are in csv Excel format and recorded on a daily
basis;

- excel data processing to perform the annual rainfall media, for each station, only

if the data have not been missing for more than 30 days in a year;

Figure 6. The ARPA Lombardia meteo stations in Lombardy with pluviometers [48].
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- processing of the selected data in Esri [49] ArcGIS ArcMap 10.4, providing
shapefiles in WGS84 UTM zone 32N reference system, for each station and
for each of the ten selected years, displaying them and listing the correspond-
ing rainfall values;

- interpolation of these data with the Interpolation Spatial Analyst tool, select-
ing the IDW technique. The better choice would have been between Splines
and IDW, but from literature IDW seems to provide a little better results than
Splines [50]-[55];

- the ten achieved raster layers, at 10 x 10 resolution, showing rainfalls in a re-
gion larger than the Province of Bergamo, have then been clipped, through
the Spatial Analyst Tool, Extract by Mask, with the aid of the province of Ber-
gamo area shapefile. This step has been necessary, since the raster interpola-
tion has provided layers by interpolating data of meteorological stations dis-
tributed in an area wider than the Province of Bergamo;

- the last processing step has performed a simple media operation, with the tool
Spatial Analyst Map Algebra, among the ten layers, providing the final raster
map of rainfalls in the decade 2007-2016 in the Province of Bergamo (Figure
7).

Legend

MediaRainfalls
Value
High: 2366.46
- Low: 942.792

0 425 85 17 Kilometers
T Y Y Y |

Figure 7. The raster map of rainfalls in the decade 2007-2016 in the province of Bergamo.
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4.2. Shapefiles Geoprocessing

In this step, the ArcGIS tool multiple ring buffer has allowed to create buffer areas
around the features rivers, roads and ravine edges, according to the selected dis-
tances 100 m, 200 m, 300 m and 400 m.

4.3. Raster Layers Selection, Adjusting and Reclassification

First of all, it has been decided to use the IFFI point shapefile, displaying all the
so called historical landslides in the Province of Bergamo, amounting to 1327
events.

As said previously, this shapefile point layer has been downloaded from the
Lombardy Geoportal and it lists the landslide inventory in the Province of Ber-
gamo, which has been collected thanks to the so called IFFI project [33]-[38]
performed by ISPRA (The Superior Institute for Protection and Environmental
Research) and all the Italian regions in the year 2000, so as to provide a national
landslide inventory. The number of recorded events amounts to about 144.000
in Italy, 1327 of which in the Province of Bergamo.

Visualizing the spread of the IFFI points, just opening this point layer in Arc-
Map, together with other shapefile layers (ie. the faults and curvature layers), it
also has been decided to discard, for the final analysis, the distance from faults
layer, since all the displayed landslides were located at a very far distance (esti-
mated with the tool measure) from the faults identified in the Province of Ber-
gamo. Also the curvature layer, derived from the DEM layer with the ArcGIS
Spatial Analyst Surface Curvature Tool, has been discarded since the IFFI points
were almost nearly equally divided over the convex and concave areas; this eval-
uation has been carried out with the ArcGIS Spatial Analyst Tool Extract values
to points, which allowed to count the number of events falling in the two areas.

It has to be also explained that the seismic risk layer, adopted here, is provided
by the Integrated Regional Program of Risk Mitigation (PRIM) which points out
all the different kind of natural and/or anthropic risk in the Lombardy region.
As a matter of fact, generally speaking, according to the seismic risk classes adopted
in Italy (they are 4 and 1 is the most dangerous), the Province of Bergamo
commons all belong to class 3, i.e. law seismic level. For this reason, at first, the
idea had been not to take into account this factor, but the PRIM layer has pro-
vided a new kind of classification in Lombardy, showing areas, in the Province
of Bergamo, which are more vulnerable than others to earthquakes, and for this
reason it has been considered as a main cause in the landslide risk level assess-
ment.

Besides, all the shapefiles have been converted to raster ones at the same 10 x
10 cell size as the rainfall map.

According to what just said, the final selected layers are listed here: DEM
Height, Aspect, Slope, Geology, Land Use (Corine 2000), Rainfall, Seismic Risk,
Soil texture, Distance from rivers, Distance from roads and Distance form ra-

vines edges.
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These are all raster layers related to the Province of Bergamo territory in WGS84
UTM Zone 32N coordinate system and at the same resolution.
At this point, all these files have been reclassified, according to some selected

parameters, or range of values, as illustrated in (Table 1 and Table 2).

5. Landslides Frequency Factor Class Assessment

As for the Landslides Frequency Factor class assessment, it has been decided to
evaluate the number of the landslides, recorded in the IFFI inventory layer in the
Province of Bergamo territory (1327), falling inside each class of the reclassified
raster layers.

The ArcGIS Spatial Analyst Tool Extract values to points have allowed per-
forming the analysis, counting the number of events for all the raster layers
classes. In fact, this command extracts the cell values of a raster based on a set of
point features and records the values in the attribute table of an output feature
class.

It has then been decided to set the values assigned to the Landslide Frequency
Factor as illustrated in Table 3.

Each raster layer has then been reclassified according to the Landslide Fre-

quency Factor.

Table 1. The reclassification selected parameters.

Layer Reclassification attribute
Distance from roads Buffer distance
Distance from rivers Buffer distance
Distance from ravines hedges Buffer distance
Geology Lithology
Seismic hazard Seismic risk class (1 + 4)
Land Use (Corine 2000) LIVELLOI1 (LEVEL1)
Soil Map Soil Texture

Table 2. The DEM height, aspect, slope and rainfalls selected parameters.

DEM height (m) Slope ° Aspect * Rainfalls Amount (mm)
0 - 500 0-15 —1 (Flat areas) 0 -942.792
500 - 1000 15-30 0-67.5 (N/NE) 942.792 - 1200
1000 - 1500 30 -45 67.5-112.5 (E) 1200 - 1400
1500 - 2000 45 - 60 112.5 - 157.5 (SE) 1400 - 1600
2000 - 2500 > 60 157.5 - 202.5 (S) 1600 - 1800
>2500 202.5 - 247.5 (SW) 1800 - 2000
247.5 - 292.5 (W) >2000

292.5 - 360 (NW/N)
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Table 3. The four adopted landslide frequency factor classes.

Landslides Amount Landslides Frequency Factor
0 (included) - 200 (included) 1
200 - 400 (included) 2
400 - 600 (included) 3
>600 4

Besides, it has also been recorded, for each layer, the highest number of events,
Le. the highest value corresponding to all the 4 Frequency Factor assigned to each

raster.

6. The Risk Model

The final raster processing has been performed with the Spatial Analyst Map Al-
gebra ArcGIS Tool, as explained in Equation (1):

Landslide Risk = Zililai * Reclassified Raster; (1)

The landslides risk model adopted here, is function of all the 11 reclassified
raster layers (ie. Reclassified DEM Height, Reclassified Slope, Reclassified As-
pect, Reclassified Land Use, Reclassified Distance from Rivers, Reclassified Dis-
tance from Roads, Reclassified Distance from Ravines edges, Reclassified Geolo-
gy, Reclassified Soil Map, Reclassified Seismic Risk, Reclassified Rainfalls Map)
which are summed together, in the Raster Calculator, after having been conve-
niently multiplied by a coefficient from a, to a,,. These coefficients have been
calculated, in a simple way, for each layer, through a ratio between the highest
number for the 4 Frequency Factor previously recorded and the total number of
the inventory landslides in the Province of Bergamo (1327), as illustrated in Ta-
ble 4.

The result of Equation (1) is illustrated in Figure 8.

This layer has been finally reclassified as described in Table 5, by assigning a
Risk Factor from Low (1) to Very High (4), and it is illustrated in Figure 9.

The selected landslide risk evaluation model is quite simple, if compared to
more rigorous studies which provide solutions with the aid of statistic laws, but

it has been decided that this could be a good and fast compromise.

The Risk Model Validation

So as to assess the acquired results, illustrated in the landslide Risk Map of the
Province of Bergamo, it has been decided to download, from the Lombardy Geo-
portal, a new layer of the geological studies, carried out by the Commons in the
Province of Bergamo. This layer records PAI (Plan of Hydrogeological Layout) in-
stabilities, such as avalanches, landslides, floodings, etc. and it is frequently updated;
for this reason, it could be useful to check how many of the landslide events (1775)
here recorded, happen to be located in the areas previously classified at High or
Very High Risk (Figure 9).
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Legend

weightedsum
Value

- High: 18.8034
e
- Low: 5.9141

0 425 85 17 Kilometers

Figure 8. The weighted sum of the reclassified raster layers.

Table 4. The coefficients evaluation.

Reclassified Raster Layer Coefficients Evaluation Number

DEM Height a,="723/1327 = 0.5448
Slope a,=568/1327 = 0.4280
Aspect a;=242/1327 = 0.1824
Land-Use a,=907/1327 = 0.6835

Distance form Rivers

Distance from Roads

Distance from Ravines Edges

a;=927/1327 = 0.6986
a,=894/1327 = 0.6737

a,=641/1327 = 0.4830

Geology ag=293/1327 = 0.2208
Soil Map a,=772/1327 = 0.5818
Seismic Risk a;,=412/1327 = 0.2366
Rainfalls Map a;,= 602/1327 = 0.4537
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Figure 9. The developed landslide risk map for the province of Bergamo.

Table 5. The four risk factor levels identified for each risk class.

The Achieved Risk Classes Risk Factor
12-18 Low (1)
18 - 24 Moderate (2)
24 -30 High (3)
30 - 36 Very High (4)

By analysing how these points display over the Province of Bergamo territory,
since they fall inside 68 of the 242 commons, it has been decided to choose, as test
areas, the Gandino, Mezzoldo and Vilminore of Scalve commons (Figure 10), be-
cause of the higher number of events falling inside (Table 6).

To accomplish this task, a point density map has been constructed, with the
Spatial Analyst Density tool, Point Density and it is illustrated in Figure 11.

The distribution of these events in the Very High and High Risk zones pre-
viously identified is illustrated in Table 7.
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The three test commons in the Province of Bergamo.

N Vilminore of
Scalve

Gandino

0 425 85 17 Kilometers
J

Figure 10. The three selected commons in the province of Bergamo.

Table 6. The three selected commons to test.

Commons selected Number of landslides
Gandino 107
Mezzoldo 519

Vilminore of Scalve 107

Table 7. The test results.

Commons Selected Number of Landslides in Number of Landslides in
Very High Risk Zones High Risk Zones
Gandino 76 29
Mezzoldo 108 265
Vilminore of Scalve 73 31
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Point density in the Province of Bergamo commons.
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Figure 11. The landslide point density in the province of Bergamo commons.

According to the achieved and satisfying results, the model shows to work
quite well in the territory of the Province of Bergamo, so as providing a solid ba-

sis on which to plan future developments.

7. Final Remarks and Future Development

Landslides Risk Assessment is a very up to date problem which really needs to be
studied with great attention.

This paper describes a study experience at the University of Bergamo, which
has allowed achieving satisfying results, despite its simplified and not rigorous
approach.

The fast application has provided results which are of great help so as to keep
monitored the areas at higher risk, but it has to be noticed that this could be con-
sidered a first approach to be followed by more precise ones.

Anyway, this is quite a difficult problem to analyse, since it involves many caus-
es which must be investigated in the territory under examination. In fact, gener-
ally speaking, many landslides triggering factors work for different geographical
situations, but it is always better to investigate if other factors play an important

role in the area object of study.
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Obviously, many other factors could have been taken into account here, but
the final choice has provided satisfactory results.

As previously said, this risk model, with these weights, works well for the ter-
ritory of the Province of Bergamo, but if just anything should change, i.e. soil tex-
ture, soil disruption, rainfalls, etc., it would require a new estimation of the best
fitting multipliers, so as achieving different results.

It could be useful to project a real time risk model, where weights would ad-
just according to the scenario changing situation.

A future analysis could help to identify residential areas, infrastructures and
natural elements (Ze. lakes, rivers, etc.) at risk, since falling inside the high and
very high zones.

It could also be possible to simulate a landslide event happening somewhere

and then to evaluate the best routes for a fast first aid and firemen intervention.
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