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ABSTRACT: The Laboratorio Nacional de Engenharia Civil has produced a Landslide Susceptibility Map (LSM) of the
Southern Slope of the municipality of Odivelas. Regarding the Portuguese legislation in force for the prevention of risks in
potentially unstable areas, the main goal of this map is to support the ongoing urban planning on the site (155 ha), occupied
by illegal constructions. Based on the information obtained about the characteristics of the ground in the study area, as well
as on the consulted bibliography, six conditioning factors for landslides were selected, which in order of decreasing
importance are as follows: slope, soil thickness, lithology, curvature, land use, and aspect. For each factor, classes with
different degrees of susceptibility were used. The Analytic Hierarchy Process (AHP), a multicriteria analysis method, was
used to structure, hierarchise and calculate the weights of those factors. Using these weights and the degrees of susceptibility
assigned to the classes of each factor, a landslide susceptibility index was calculated, whose values and a susceptibility scale
consisting of five classes have allowed generating the LSM.

RESUME: Le Laboratério Nacional de Engenharia Civil a réalisé une Carte de Susceptibilité aux Glissements de Terrain
(CSGT) du Versant Sud de la commune d'Odivelas. Concernant la 1égislation portugaise en vigueur pour la prévention des
risques dans les zones potentiellement instables, 1'objectif principal de cette carte est de soutenir 1’aménagement urbain en
cours sur le site (155 ha), occupé par des constructions illégales. Sur la base des informations obtenues concernant les
caractéristiques du terrain dans la zone d'étude, ainsi que sur la bibliographie consultée, six facteurs conditionnant les
glissements de terrain ont été sélectionnés, qui par ordre d'importance sont les suivants: pente, épaisseur du sol, lithologie,
courbure, l'utilisation du terrain, et I'exposition. Pour chaque facteur, des classes présentant différents degrés de susceptibilité
ont été utilisées. L’ Analytic Hierarchy Process (AHP), une méthode d’analyse multicritére, a été utilisée pour structurer,
hiérarchiser et calculer les poids de ces facteurs. En utilisant ces poids et les degrés de susceptibilité attribués aux classes de
chaque facteur, un indice de susceptibilité aux glissements de terrain a été calculé, dont les valeurs et une échelle de
susceptibilité composée de cinq classes ont permis de générer la CSGT.

Keywords: Urban planning; unstable areas; conditioning factors; analytic hierarchy process; susceptibility mapping.

1 INTRODUCTION

To watch out and reduce risks in areas with potentially
unstable slopes and contributing to the safety of people
and property, Portuguese legislation has, since 2008,
included them in a group of areas that are subject to
special protection. The area shown in Figure 1
(approximately 155 ha), known as the Southern Slope
(SS) of Odivelas, falls into this category. In a previous
period, between the beginning of the 1960s and the end
of the 1980s, most of this area was occupied by illegal
construction. To proceed with its urban redevelopment
it is intended to apply to the competent Portuguese
regional authority for the detachment of the areas
where potentially unstable slopes are low enough not
to put urban occupation at risk. It was in this context
that the National Laboratory for Civil Engineering and

Odivelas Town Council signed a scientific and
technical cooperation agreement to produce the
Landslide Susceptibility Map (LSM) here presented.
Based on the geomorphological, geological-
geotechnical and hydrogeological information
obtained in the study area and on the bibliography
collected and analysed, six conditioning factors for the
mass movements of the SS of Odivelas were selected,
which in descending order of importance are as
follows: slope, soil thickness, lithology, curvature,
land use, and aspect. Each of these factors was
assigned various classes with different degrees of
susceptibility. In order to structure, prioritise and
calculate the weights for each factor, a multi-criteria
analysis method, called the Analytic Hierarchy
Process (AHP) was used (Saaty, 1980). Based on the
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weights obtained for each factor and the degrees of
susceptibility assigned to the classes of each factor, the
landslide susceptibility index, s, was calculated for the
square cells (or pixels) of 5 m side, into which the
study area was divided. Considering the Is value
calculated for each cell and the five classes of
susceptibility used (very high, high, moderate, low and
very low), the areas of the LSM where the probability
of landslides occurring is similar were generated.
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Study area limit
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Figure 1. Location of the Southern Slope of Odivelas.

2 CHARACTERISTICS OF THE
SOUTHERN SLOPE OF ODIVELAS

The SS of Odivelas is located on a very steep slope,
which varies, in less than 500 metres, between plane
areas (slope < 5%), to the north and steep areas (slope
> 50%), to the south. The areas occupied by these two
classes are the most expressive compared to the others
(5-15%, 15-30% and 30-50%). This morphology is
due to the presence of a monoclinal structure, which
dips moderately (10° to 25°) towards the SE, and the
occurrence of lithologies (conglomerates or
limestones) that are more competent at the top than in
the concave part, where sandstones and claystones
occur. The plane areas are occupied by the alluvium
deposited by a local river, which has, approximately,
the same orientation as the SS of Odivelas, i.e. SW-
NE.

The geological-geotechnical and hydrogeological
characterisation of the SS of Odivelas has been carried
out on the basis of surface geological reconnaissance
and, mainly, using information obtained from the
following site investigation: i) 174 boreholes, of which
144 were located in the study area and the rest in the
immediate vicinity, ii) 15 pits, iii) 8 seismic refraction
profiles, and iv) 3 electrical resistivity profiles.
Seventeen inclinometer tubes and 41 piezometers were
installed in the boreholes to monitor the occurrence of
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horizontal ground displacement and groundwater level
fluctuations.

From a geological-geotechnical point of view, the
subsoil has been classified into two units. The
superficial formations correspond to backfill,
alluvium, colluvium and bedrock with a number of
blows of the Standard Penetration Test (Nspr) less than
30. The total thickness of these formations varies
between 0 m, when the bedrock outcrops, and 18.2 m.
The bedrock formations, individualised according to
lithology and/or Nspr, are as follows: a) sandstones and
claystones, with 30 < Ngpr < 50, b) claystones,
siltstones and marls, with Nspr > 50, c) clayey
sandstones and marls, with Nspr > 50, and d) fractured
limestone and compact calcareous marls.

The variations in the groundwater level measured
in the piezometer were less than 3 m for about 85% of
the total, so there were no significant variations in the
subsoil hydrogeological regime.

3 SELECTED CONDITIONING FACTORS
FOR LANDSLIDES

The selection of conditioning factors to the occurrence
of landslides in the SS of Odivelas took into account
the provisions of the current Portuguese legislation,
according to which "(...) at least (...) slope, slope
aspect, slope curvature (cross-sectional profile),
lithology and vegetation cover/land use should be
considered. In addition, other relevant factors such as
soils, superficial formations, Wetness Index and
geological structure can be used.”. Moreover, eight
internationals (Jade and Sarkar, 1993; Irigaray et al.,
2007; Jiménez-Peralvarez et al., 2009; Thanh and De
Smedt, 2012; Faria and Fialho, 2013, Souza and
Sobreira, 2014, Torres et al., 2015; Guedjeo et al.,
2017) and four Portuguese (Garcia, 2002; Zézere,
2002; ANPC, 2009; Policarpo, 2012) studies, were
also considered. The selected conditioning factors are
shown in Table 1. The legislation dealing with the
"delimitation of areas of slope instability" does not
establish classes for conditioning factors, so the
classes shown in were defined on the basis of the
authors' experience, knowledge of the geological-
geotechnical characteristics of the study area and the
bibliography consulted.

Based on the classes assigned to each conditioning
factor, the corresponding factor maps were generated
(Figure 2). All the maps were calculated or converted
to raster format, with 5x5 m? cells, using ArcGIS 10.2.
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Table 1. Selected conditioning factors and their classes.

Factor
Slope (%) >50;40 —50; 30 -40; 15-30; <15
Soil thickness (m) >5.0;3.0-5.0;15-3.0,<1.5
Lithology Backfill, alluvium, colluvium (superficial units) and bedrock with Nspr < 30; Bedrock, or
bedrock with a covering < 1.5 m
Curvature Cc/Cv;Cc/P;Cc/Dv;P/Cv;P/P;P/Dv;Cx/Cv;Cx/P; Cx/Dv; HP
Land use Built-up area; Agricultural area; Tree and forest area; Herbaceous and shrub area; Special

infrastructure area
Aspect North; East; West; South; HP

Cc — Concave,; Cx — Convex, Cv — Convergent;, Dv — Divergent; P — Planar; HP — Horizontal Plane.
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Figure 2. Conditioning factor maps used in the Southern Slope of Odivelas.
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4  SUSCEPTIBILITY INDEX TO
LANDSLIDES IN THE SOUTHERN
SLOPE OF ODIVELAS

The methodology adopted for the calculation of the
index of susceptibility, /s, in the SS of Odivelas
comprised two stages.

In the first stage, the AHP allowed to evaluate the
weights (W; to Ws) of the six conditioning factors,
which were used to calculate the susceptibility index,
Is (LNEC, 2018, Roque et al., 2023). The weights
obtained were: W;=48.902% for "Slope",
W, =20.367% for "Soil thickness", W3 =11.775% for
"Lithology", Ws=8.155%  for  "Curvature",
Ws=7.514% for "Land use", and, lastly, Ws=3.287%
for "Aspect".

In the second stage, to each class listed in Table 1,
some of which were regrouped into one class, was
assigned a degree of susceptibility, Gi(F;), as shown in
Table 2. These degrees vary between a minimum value
of 1 (corresponding to the lowest susceptibility) and a
maximum value of 5 (corresponding to the highest
susceptibility). The degrees of susceptibility were
assigned taking into account the relative importance of
the classes in terms of ground movements. The full
range of susceptibility degrees was only applied to the
"Slope" factor. In the "Soil thickness", "Curvature"
and "Aspect" factors, the range of values was between
1 and 4 and in the "Lithology" and "Land use" factors
between 1 and 3.

Table 2. Degrees of susceptibility Gi(F;) assigned to the classes of each factor (F)).

Fi Class Gi(F) Fi Class Gi(F)
> 50% 5 Cc/CvorCc/P 4
40 —50% 4 Cc/DvorP/CvorP/P 3
Slope 30 -40% 3 Curvature P/DvorCx/Cv 2
o
51;;,0 o ? Cx/Por Cx/Dv or HP 1
. Built-up or agricultural area 3
Soils High (25 m) 4 Tree and forest area 2
thickness Moderate (3 — 5 m) 3 Land use Heraceous and shrub area or
Low (1.5 -3 m) 2 L 1
- special infrastuctrures area
Superficial (< 1.5 m) 1
Backfill, alluvium, colluvium
(superficial units) and bedrock 3 N (0 —45°and 315 — 360°) 4
Lithology _ with Nspr <30 Aspect
Bedrock or bedrock with a 1 E (45°—135° or W (225° - 315°) 2
covering<1.5m S (135°—225°) or HP 1

Cc — Concave,; Cx — Convex, Cv — Convergent; Dv — Divergent; P — Planar; HP — Horizontal Plane.

Using the weights, W;, obtained for each factor, F,
and the degree of susceptibility, Gi(F;), assigned to
each class of Fj, the Is was calculated through the
weighted sum of the weights W; and the degrees of
susceptibility G;(F;), as follows:

Is = Xizq Wi G (F), (1)
with 35 W, =1 e 0< W;<1(i=1,-,6)
The minimum and maximum values that /s can take

are 1.00 and 4.30, respectively.

5 LANDSLIDE SUSCEPTIBILITY MAP OF
THE SOUTHERN SLOPE OF ODIVELAS

The Landslide Susceptibility Map (LSM) of the SS of
Odivelas (Figure 3) was obtained by dividing the study
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area into square cells of 5 m side and calculating the
susceptibility index, [Is, value for each cell. As
mentioned before, /; varies between a minimum of
1.00 and a maximum of 4.30.

The ArcGIS 10.2 Natural Breaks classification
method was applied to the distribution of /s values in
the cells of the study area, in order to obtain five
classes, which corresponding to the same number of
classes of the applied susceptibility scale: very high,
high, moderate, low and very low. Areas represented
by the same class are considered to be of the same
order of magnitude in terms of susceptibility to
landslides.

In the areas classified as very low (29.7 ha, 19%) to
low (68.6 ha, 44%) susceptibility classes, the ground
is generally plane or slightly sloping, with poor
drainage and with the possibility of flooding. The
hazard of ground movement in areas belonging to
these classes is very low, making them favourable for
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land use. In areas of moderate susceptibility (31.2 ha,
20%), the hazard of ground movement is low, although
occasional interventions in existing buildings may be
required to reduce the risk. Future local interventions
must be carried out in such a way as not to affect the
existing ground stability, in order to keep the risk at an
acceptable level. In the areas of high susceptibility
(16.7 ha, 11%), the anthropogenic interventions that
were observed have increased the hazard of ground
movement, given the existing geological-geotechnical
and geomorphological conditions, which are not
favourable to the occupation of these areas. In areas
that have already been built on, local interventions

may be necessary to reduce the risk and new building
should not be allowed. Urban occupation of areas with
very high susceptibility (9.0 ha, 6%) should clearly be
avoided, as the hazard of ground movement is very
high. The ground movements that have already
occurred in the SS are almost always in this
susceptibility class, as shows Figure 3. In built-up
areas, intervention may be necessary to reduce the risk.

These results show that the areas of very low to
moderate susceptibility represent approximately 83%
of the total area. In these areas, the hazard of ground
movement was considered to be acceptable and did not
pose its occupation by people and goods at risk.

N
0 250 500
[ —

- F’f
; ‘«‘E |:| Landslide event

Susceptibility classes
B Very high

[ | High

|:| Moderate

Figure 3. Landslide Susceptibility Map of the Southern Slope of Odivelas with depiction of past landslide events.

6 CONCLUDING REMARKS

Under current Portuguese legislation, the SS of
Odivelas is classified as an area of potentially unstable
slopes where the risks to the safety of people and
property must be safeguarded and reduced. For
Odivelas Town Council to proceed with the urban
redevelopment of the SS, which has been occupied by
illegal constructions since the early 1960s, it is
necessary to apply to the competent Portuguese
authorities for the de-annexation of areas where the
hazard of ground movement occurring is acceptable. It

Proceedings of the XVIIl ECSMGE 2024

was with the aim of mapping the areas of the SS of
Odivelas that comply with this requirement, that the
study presented in this communication was developed.
The obtained Landslide Susceptibility Map (LSM),
based on six conditioning factors to landslides (slope,
soil thickness, lithology, curvature, land use, and
aspect) and a susceptibility scale with five classes
(very high, high, moderate, low and very low), shown
that the areas of very low to moderate susceptibility
represented around 83% of the SS. In these areas, the
risk to urban occupation was considered acceptable.
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