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Abstract: The landslide susceptibility of hillsides has been assessed using the statistical methodology known
as “weight of evidence”, in order to estimate its potentiality, its difficulty of application and its suitability to
specific geomorphological settings. The Valley of the Rio Pardu River, eastern-central part of Sardinia, Italy,
has been chosen for applying the method. On the basis of the IFFI Project (Inventory of Landslides
Phenomena in Italy), the Rio Pardu Valley turns out to be one of more hazardous zone in Sardinia for the
presence of ancient and current landslides, whose causes have to be searched in the structural and lithological
characteristics, the extreme meteorological conditions and the anthropic factors.

The weight of evidence method has been implemented by means of the ArcView 3.2 software and the
ArcSDM extension (Spatial Data Modeller). Like al the statistical methodologies, this method requires to
identify and to locate on a map all the instability phenomena which affected the studied area. On the basis of
the territorial distribution of the past and present landslides the method calcul ates the weights to be assigned
to the single classes of every considered parameter. The landslide map of the Pardu Valley has been provided
by the IFFI Project. The map has been digitized, georeferenced and supplemented by the observation of the
2006 colour orthophotos.

For evaluating the landslide hazard of the studied area, three basic parameters for landslide susceptibility
have been taken into consideration: the Lithology, the Land Use and the Slope.

In order to check the reliability and the forecasting capability of the method, the influence of each parameter
on the instability phenomena has been calculated analyzing a sampled area, obtained by extracting at random
alittle percentage of the studied territory. In the sampled area the same proportion between the area affected
by landslides and the total area calculated on the whole territory, equal to about the 0.063%, has been kept.

Two subsets have been so created: the Training set and the Validation set. In the extracting process, the
morphometric, lithological and land use characteristics have been considered, in order to obtain a sample
which was actually representative of the studied area, so that the distributions of the various classes of every
single considered parameter were aimost the same between the sampled area (training set) and the total area
(validation set). The Training set has been divided into two subgroups: the subgroup of the areas which do
not present landslide phenomena, and the subgroup of the areas which present landslide phenomena.

Then a statistical analysis of different parameters has been carried out, using the weight of evidence method,
and the weights to be attributed to each class of every single parameter have been then obtained.

Keywords: Landslide susceptibility zoning, Weight of evidence statistical method, Rio Pardu Italy.

2658



Barbieri and Cambuli, The weight of evidence statistical method in landslide susceptibility mapping of the
Rio Pardu Valley (Sardinia, Italy)

1. INTRODUCTION

The catchment basin of the Rio Pardu river, in the Ogliastra region, eastern-central part of Sardinia (Italy),
was surveyed for an area of about 29 km?, including the little village of Gairo S. Elena, which was re-
founded after the old village of Gairo was destroyed in 1952 by alandslide.

The Rio Pardu valley is extensively covered by Palaeozoic metasedimentary rocks, that are widely present in
amost al the south-eastern part of Sardinia. The present geomorphological features derived from the tectonic
phases of Alpine Orogeny. The major tectonic frameworks are oriented NW-SE and NE-SW (V ardabasso,
1956; Cocozza, 1974).

The Rio Pardu valley developed along one of these tectonic alignments, oriented NW-SE, that crosses the
central part of Sardinia. To this main tectonic aignment more differently oriented fault systems are
associated. The geomorphological processes responsible for the present landform started in Pliocene, at the
end of the tectonic activity. The river erosion significantly deepened the valley, producing talus deposit,
especialy on the left side of the valley, at the toe of limestone relieves, in the form of heterogeneous and
chaotic blocks.

This paper aims at assessing the landslide susceptibility of this area, using the statistical methodology known
as“Weight of Evidence” (Bonham-Carter et a., 1988; 1989; Agterberg et a., 1990).

2. THEWEIGHT OF EVIDENCE STATISTICAL METHOD

The weight of evidence method is based on a statistical bayesian bivariate approach. Originaly, this method
was developed for gold mineralization researches. After several years, the interest for this method extended
to several researchers working in the field of landslide hazard assessment (Lee et al., 2004; Rezaei
Moghaddam et al., 2007).

The weight of evidence method was implemented using the ArcView 3.2 software and the ArcSDM
extension (Spatial Data Modeller), developed by Kemp et al. (2001). This extension implements some of the
most commonly used statistical spatial models. The weight of evidence method is based on the Bayes
theorem and on the concepts of prior and posterior probability, for assessing the relations between the spatial
digtribution of the areas affected by landslides and the spatia distribution of the anayzed landslide
susceptibility factors (or parameters). It is therefore possible to calculate the degree of influence that each
factor had, and will have in the future, on the development of landslide events. If a part A; of the studied area
is affected by landdlide phenomena, the prior probability of finding a landslide within A, (total studied area)
is

P =—" 1

This initial estimation can be then increased or decreased depending on the relations between analyzed
factors and landslides. The probability of finding one of the factors examined in the study areais given by:

P = 2
A

where T, = total area occupied by a certain class of a certain factor (e.g. slope class 20-35%).

For the whole territory surveyed, the probability of finding alandslide in the areas occupied by the n class of
the j parameter is the ratio between the probability of finding alandslide inside the territory occupied by the n
class of the | parameter and the probability of finding an area occupied by the n class of the j parameter in the
whole territory:

pla 1= PTOA) _PILIAS

PV PV f
Similarly, the posterior probability of finding a landslide in the areas not occupied by the n class of the |
parameter is:

3
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For mathematical reasons, probabilities can be expressed more conveniently as odds:
P
- ] 5
1-P

Then, equations 3 and 4 can be expressed as:
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In the weight of ewdence method, the natural logarithms are applied to both equations 6 and 7 to obtain:
InO,{A, |T,}=W +InO, 8
o, {A, |T, }=W +Ino, 9

where W+ is the positive weight to be assigned when the class n of the | parameter is present, and W- is the
negative weight to be assigned when the class n of the j parameter is absent.

The weights are calculated by the following equations:

m Landslide area inthe considered class
W = P{T, |'°y}_ A i Total lanslide area 10
p{'r |A, } T, NA Sable area inthe considered class
K Total stable area
TL.NA Total lanslidesareain the other classes
W, = {i |_f —In _Af_ —In Total landlidearea 11
{r JL TAA Total stableareain theother classes
K Total stable area

The W+ positive weight is directly proportional to the influence that the n class of the j parameter has on
landslides devel opment.

To analyze the influence of several parameters on the distribution of landslides in the area, the weights of
each parameter are summarized, as these parameters are mutually statistically independent:

IO, {A, TS AT, ATL... AT }= ZW/S +InO, 12
where k can take the sign + or - depending on the presence or absence of this parameter.

The difference between the positive and negative weights, as computed for each class of each parameter
analyzed, isagood indicator of its relation with landslides:

C=W"-W~ 13

The value of C is typically between 0 and 2; when the value of C tends to zero, the presence of the
considered parameter does not affect the distribution of landslides in the area; conversely, when C is
approximately 2 or more, the correlation is very significant.

T is the sum of the product between posterior probability and the area, extended to all elementary cells in
which the territory was divided: ideally T should then be approximately equal to the total landslide area. In
the practical applications, it frequently happens that T is greater than the landslide area, because there are
generally some conditional dependencies between the variables; if T does not exceed landslide area for more
than 15%, conditional independence between the considered variables exists. This test is called “omnibus
test” (Agterberg and Cheng, 2002).

3. ANALYSIS

In order to construct a landslide susceptibility map, three basic susceptibility landslide parameters were
utilized: Lithology, Land Use and Slope.

In order to test the reliability and the predictive capabilities of the weight of evidence method, the influence
of each parameter on the landslide susceptibility is calculated in a data sub-set obtained randomly extracting
around one percent of the whole study area (training set). These samples have the same proportion between
the landslide area and the total area than the whole studied area (validation set), that is about 0,063%. The
extraction process took into account the morphological, lithological and land use characteristics of the area,
in order to obtain a sample that istruly representative of the whole studied area.
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The various thematic maps of the training set were overlapped with the landslides map. On the basis of these
intersections, by using ArcView 3.2 software and its extension ArcSDM (Spatial Data Modeller) positive and
negative weights for each class of each parameter were calculated (Table 1):

Table 1. The weights calculated for the Lithology parameter

Classes Areas (km?) Landslides (n.) Weight +
Alluvia deposits 0.0076 0

Limestones and dolomites 0.0109 1 -0.5935
Metasandstones 0.2494 27 -0.4242
Limestones talus 0.0326 7 0.2950
Porfiric dikes 0.0004 1 4.4843
Argillaceous talus 0.0988 29 0.6327

A quick analysis of these results highlighted some aspects of this methodology:

e the absence of landslide areas in the training set occupied by Alluvia deposits makes impossible to
calculate their weight;

e the presence of a single landslide in the training set occupied by Porfiric dikes means that the weight
assigned to them is too high, because there are some statistical problems due to the very small area
occupied by this formation.

These two anomalies are attributable to the fact that these two lithologies occupy a very small area, compared to
the extension of the basin. Looking at the weights assigned to other formations, the best correlation between the
Argillaceous talus and the landdlides may be observed. Limestones and dolomites received the lowest weights, and
this was expected as these rocks have excellent mechanical properties. Metasandstones obtained only a dightly
higher weight than limestones and dolomites: they have very different geomechanica features from the point of
view of fracturing and alteration, that are certainly greater in the metasandstones than in limestones and dolomites.
Statistical anayses do not highlight these patterns and underestimate the weight assigned to metasandstones. The
Table 2 sets out the main results of the analysis with regard to the Land Use parameter.

Table 2. The weights calculated for the Land Use parameter

Classes Areas (km?) Landdlides (n.) Weight +
Shrubby areas 0.1656 29 0.0780
Crops areas 0.0187 0

Heterogeneous agricultural areas 0.0160 2 -0.2776
Areas with rock outcrop 0.0338 11 0.7465
Forest 0.1587 22 -0.1672
Urbanization 0.0069 1 -0.1142

The calculation of the weights for the "Slope" parameter presents more difficulties than the other factors, since the
continuous nature of this parameter does not allow an immediate processing. To solve this problem, the
discresetization in a finite number of classes is necessary; the final classes were found after numerous attempts,
when the best correlation between the parameter "Slope” and landdides were found (Table 3).

Table 3. The weights calculated for the Slope parameter

Classes Areas (kn) Landdlides (n.) Weight +
0-10° 0.0218 1 -1.3003
10-20° 0.1220 10 -0.7105
20-40° 0.2307 44 0.1674
40-60° 0.0226 9 0.9713
60-90° 0.0024 1 1.0328

4. THE LANDSLIDE SUSCEPTIBILITY MAP

The weight calculated for each class of each parameter is assigned to each elementary grid cell.

For each cell the fina probability is the sum of the weights of each parameter and the prior probability. The

final probability was obtained using the expression 12:

InP.Finale= Y W" +InO, = P.Finale= Exp(D W" +In0, ) = Exp(2.012+In(0.052) = 0.283
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In the Table 4 an example of how to calculate the weights for the cellsis shown.
Table 4. Weights assigned to the cells 1 and 2

% 8 > 5 | L. | 2| 2

2 | gs | s | 22 | 2 | S| 32|53 es

| & 52 g £= g £ | E3 |28 B2

B o 8 B 3 3 A= 8| T8

1 10-20° | -0.7105 Forest -0.1672 M:(z:rs]znsd— -0.4242 | -1.3019 0.052| 0.014
Areas Limestones

2 | 40-60° 0.9713 ithrock | 0.7465 talus 0.295 2.012 0.052| 0.283

outcrop

After the calculation, the weights are applied to the validation set to obtain the landslide susceptibility map.
The probability was split in four classes: the range of each class was not chosen arbitrarily, but on the basis
of the graph shown in Figure 1.

Figure 1. Ranges of the probability classes
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Looking at this graph, two main observations can be made:

e thetwo curves, related to calculated and real landslide areas, seem to be very similar;
e in both curves, some abrupt changes of the slope may be observed, where the limits of the probability
classes were placed.

On the ground of these observations, four classes of landslide susceptibility were singled out (Table 5).
Table 5. Classes of landslide susceptibility

Classes Vaue

Hgl 0-0.04
Hg2 0.04—-0.09
Hg3 0.09-0.18
Hg4 0.18-1
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On the basis of all these data, the landslide susceptibility map of the studied areawas drawn (Figure 2).
Figure 2. Landdide susceptibility map of the Rio Pardu Valley near Gairo S. Elena
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Checking this map, the stable areas appear those with a dope less than 20° and, partly, the areas where the
metasandstones, limestones and dolomites outcrop. The areas classified as Hg2 are occupied by forests and are
concentrated in the north-east part of the Pardu Valley and partly at north of the Gairo village. Finally the areas
classified as Hg3 and Hg4 are concentrated where the Limestone and Argillaceous talus outcrop and the dopeis
greater then 40°.

5. CONCLUSIONS
The analysis performed using the weight of evidence method showed the following advantages:

- it isan objective system that can discriminate between the various parameters, in order to understand which are the
most important parametersin the devel opment of landdide phenomeng;

- the weights are calculated separately for each study area, allowing the method to choose different weights,
for the same parameters, for different geomorphological settings;

- the process of assigning weightsis objective and almost independent by choices of the observer.

The analysis showed also the following disadvantages:

- the results of different analyzed areas are comparable only if the classification ranking is standardized;

- the method is not suitable for areas where different types of landslide movements occur;

- the method need accurate and reliable information on past landslide movements;

- the method either overvalues or undervalues the weights of the parameters related to very small portions of
the study area.
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