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Abstract: In this work residents’ social vulnerability and buildings” physical vulnerability of the
Loures municipality (Portugal) were combined to locate the areas where the vulnerability is the
highest, and to analyse the landslide risk. The social vulnerability of Loures was assessed using
the Geographic Basis for Information Reference (BGRI) terrain units by combining sensitivity and
lack of resilience based on the population and housing Census 2011 data. The physical vulnerability
was assessed in a previous study based on an inquiry of a pool of European landslide experts and
a sub-pool of landslide experts who know the study area. A matrix approach was used to cross
the classes of the social and physical vulnerabilities. Finally, the landslide risk was analysed for
each terrain unit considering the combined vulnerability, the buildings” economic value and the
landslide susceptibility for a specific landslide magnitude (3-metre-deep rotational slide). Results
show that 0.9% of the population reside in the area of the municipality where 75% of the future
landslide should occur, and 0.8% of the buildings of the municipality—which represent a value of
EUR 146,170,000—are also located in this dangerous area. This approach is reproducible: the risk
analysis can be applied for another magnitude scenario in Loures, and the combined vulnerability
can be assessed in any Portuguese municipality thanks to the availability of the data.

Keywords: social vulnerability; physical vulnerability; combined vulnerability; landslide risk analysis

1. Introduction

Landslides affect exposed populations worldwide, causing damage, fatalities and injuries.
In Portugal, landslides are quite frequent and have been responsible for damage and disruption
on roads and buildings. Damage caused by landslides can be reduced with adequate policies and
practices. For that, it is mandatory to assess landslide hazard and vulnerability to analyse the landslide
risk in order to improve disaster preparedness and prevent losses [1].

Most of the definitions of vulnerability to natural disasters agree to state that the vulnerability
is: (1) multi-dimensional, as it has several facets (e.g., physical, social, economic, environmental,
institutional); (2) dynamic, because it changes over time; (3) intrinsic of any community;
(4) scale-dependent, given that it can be expressed at different scales from human or household
to country resolution; and (5) site-specific, which implies that each study area might need its own
approach [2]. Nevertheless, these dimensions are rarely considered all together in a vulnerability
assessment. Indeed, most of the scientific studies which assess the vulnerability to natural hazards
examine only one facet of the vulnerability of the elements at risk—most of the time, either the social
vulnerability or the physical vulnerability.

Social vulnerability characterises the inequalities which define the predisposition or susceptibility
of social groups in the context of a disaster [3,4]. The concept of social vulnerability is complex [5];
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indeed, it is itself a multi-faceted entity and authors use this term with different meanings [6], some of
them are presented in the Table 1.

Table 1. Different meanings associated to social vulnerability (adapted from [6]).

Social Vulnerability Definition Reference Source
The susceptibility of social groups to potential losses from hazard events Blaikie and co-authors, 1994 [7]
or society’s resistance and resilience to hazard. Hewitt, 1997 [4]

The condition of a given area with respect to hazard, exposure,
preparedness, prevention, and response characteristics to cope with
specific natural hazards. It is a measure of the capability of this set of
elements to withstand events of a certain physical character.

Weichselgartner, 2001 [8]

The characteristics of a person or group and their situation that
influence their capacity to anticipate, cope with, resist and recover from
the impact of a natural hazard ... It involves a combination of factors
that determine the degree to which someone’s life, livelihood, property
and other assets are put at risk by a discrete and identifiable event ... in
nature and in society.

Wisner and co-authors, 2004 [9]

The product of social inequalities; it is defined as the susceptibility of
social groups to the impacts of hazards, as well as their resiliency or
ability to adequately recover from them ... susceptibility is not only a
function of demographic characteristics ... but also more complex
constructs such as health care provision, social capital and access

to lifelines.

Cutter and Emrich 2006 [10]

The result of social factors that place people in highly exposed areas,
affect the sensitivity of people to that exposure, and influence their Yarnal 2007 [11]
capacity to respond and adapt

Moreover, some approaches to assess social vulnerability are based on the assessment of
intangible losses, whereas other approaches are based on the underlying socioeconomic factors that
are responsible for vulnerability in a society [5]. Social vulnerability is commonly measured by indexes
which are based on a set of socioeconomic indicators (e.g., age, gender, disability) which can either
be weighted (e.g., by expert judgement, analytic hierarchy, Principal Component Analysis (PCA),
factor analysis or multiple regression models) or not (if all indicators are assumed to have an equal
significance). The indicators are then combined, often by an additive combination when the factors are
independent or by a multiplicative combination when the utility of one factor depends on another
factor, or even by an association of both additive and multiplicative combinations [12]. The obtained
social vulnerability can then be combined with the hazard assessment to evaluate risk, e.g., [13,14].

Physical vulnerability is a functional relationship between process magnitude, the impacts on
structural elements at risk and exposed values [15]. Physical vulnerability of buildings is defined
by the expected degree of loss resulting from the impact of a certain event. Its assessment requires
the evaluation of different parameters and factors such as type of element at risk, resistance, and
implemented protective measures (i.e., local structural protection) [15]. In physical geography and in
engineering geology, most of the studies consider the vulnerability to a hazardous event of a given
magnitude as being the degree of loss of elements at risk expressed in a scale ranging from 0 (no loss)
to 1 (total loss), e.g., [16-20]. From this definition emerged a wide range of vulnerability assessment
models, each study addressing vulnerability in a different way [21]. These different models partly
depend on the different scales of the vulnerability assessment [22], and on the purpose for which the
vulnerability assessment method was made. Some models are based on the collection and analysis
of the registered damage in recent historic events, as it is usually done for relatively frequent events
such as floods or earthquakes, which allows the construction of vulnerability curves by correlating the
magnitude of the event and the degree of damage. When there is not enough available information
regarding the caused damage, the physical vulnerability can be measured through expert opinions.
For example, landslide experts can give their opinion on the potential damage that can be caused to
a specific type of element at risk by a landslide that has a certain magnitude, and the vulnerability
assessment would be based on their answers. This method is time-consuming because numerous
experts must be interviewed to obtain results with a lower subjectivity.
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In literature, few studies have the ambition to assess simultaneously several facets of the
vulnerability to landslides. Léone was one of the pioneers as he proposed a method to assess
the corporal (for people), structural (for material goods) and functional (for activities) facets of
vulnerability to landslides and presented them in matrices [23]. More recently, Shrestha proposed
a method to assess the socioeconomic and physical vulnerabilities to landslides and floods in
Putalibazaar, Nepal [24]. In its study, total vulnerability was assessed by combining the physical
and socioeconomic vulnerabilities which are functions of the landslide magnitude, the physical
exposure indicators (number of households, total population, agricultural land area and road length),
and the capacity of adaptation indicators (e.g., accessibility, health, communication). Perception
of disaster by the population and by governmental and nongovernmental organisations was also
assessed by questionnaires. Alexander proposed a method based on the vulnerability of buildings,
structures, human lives and socioeconomic activities, which can be used at three levels: single asset;
summed assets; and generalised assets [25]. Puissant and co-authors created an index to assess the
potential damage which can be caused by landslides [26]. The index is called Potential Damage
Index (DPI), and was elaborated to assess the potential physical injuries, structural and functional
damage, and socioeconomic effects. This index has been used as a base in other studies: for example,
Carlier and co-authors used it to assess the direct and indirect consequences of landslides in the Upper
Guil catchment, an area of the PACA region in France [27]. Recently, Murillo-Garcia and co-authors
proposed a method to assess the vulnerability to landslides by combining the exposure level of the
population and the infrastructures, the sensitivity of the population and its lack of resilience [28].
The exposure is calculated from data regarding population and hazard, the sensitivity of the population
is composed by social indicators (e.g., population density, youngest and oldest population, female
population, indigenous population), and the lack of resilience is composed by indicators dealing with
incomes, economically active population, health insurance and road characteristics. The combination
of the different facets of the vulnerability considered in this study is interesting, though the physical
vulnerability of the buildings is not assessed, and the possible application of the vulnerability
assessment is not clearly defined.

The present study aims to combine the social vulnerability of residents and the physical
vulnerability of buildings in order to analyse landslide risk in a municipality located in the Lisbon
region, Portugal. It was developed on the continuation of previous studies in the Loures municipality,
the first one regarding the landslide susceptibility assessment [29] and the second devoted to the
physical vulnerability of the buildings to landslides [30]. The paper is organised as follows: First are
described the data and methods used: (1) to assess the social vulnerability of the Loures municipality;
(2) to assess the physical vulnerability of the buildings of Loures; (3) to combine physical and social
vulnerability to landslides; and (4) to assess the landslide risk. Then, the presentation of the results
is made as follows: (1) social vulnerability map; (2) five physical vulnerability maps (one per each
landslide magnitude); (3) five combined vulnerability maps; (4) one table represents the landslide risk
analysis of the resident population and a second table represents the landslide risk analysis for the
buildings. Finally, a discussion about the results precedes some concluding remarks.

2. Materials and Methods

2.1. Study Area

The study area is the Loures municipality, where landslide hazard and risk have been extensively
studied during the last decades (e.g., [29-36]). Its area is about 169.3 km? and 205,054 persons were
living in this municipality in 2011 [37]. Loures municipality is included in the Greater Lisbon and is
composed by 18 civil parishes (Figure 1). The choice of this study area was driven by five reasons:
(1) Loures municipality is prone to landslide occurrence [29,31]; (2) data about landslides and types
and location of elements at risk were available for this study area [29,30]; (3) this municipality is next
to Lisbon, the capital of Portugal, and has been experiencing an increasing urbanisation in the last
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50 years [31]; (4) the stakeholders of the municipality are conscious that there is a need of natural
risk reduction in the municipality and previous studies have identified the landslide prone areas that
must be included in the Natural Ecological Reserve [29,32]; and (5) the physical vulnerability of the
buildings of the Loures municipality was assessed in a previous study [30].
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Figure 1. Civil parishes of the Loures municipality.

The susceptibility to various types of landslides in the Loures municipality was assessed in
previous studies, e.g., [24]. In the present study, only the susceptibility to deep-seated rotational
slides (slip surface depth > 1.5 m) was considered. The susceptibility was assessed and validated
using a bi-variate statistical method called information value method [38] using a landslide inventory
composed by 353 deep-seated slides (average area 3806 m?). The susceptibility assessment used in this
study comes from previous research [29,30] and is shown in Figure 2.
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Figure 2. Susceptibility map for deep-seated rotational slides occurrence in the Loures municipality
(based on the work done by Guillard and Zézere [29] and Guillard-Gongalves and co-authors [30]).

We chose, as mapping unit to assess vulnerability, the smallest statistical unit, which is the
Geographic Basis for Information Reference subsection (BGRI). The BGRI units are the basic geographic
entities used for the 2011 census operations, which divide each basic administrative unit (which is
the civil parish) into sections and subsections. The BGRI subsections are territorial units, whether
built-up or not, which represent a block in urban areas, a locality or part of a locality in rural areas,
or residual areas which may or may not have dwellings [37]. Their boundaries were defined by the
National Institute of Statistics (INE), and the statistical information was also collected by the INE.
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The Loures municipality is composed by 2942 BGRI subsections, which are sized from 0.05 to 626.78
hectares having for average 5.77 hectares.
Additional information about the study area can be found in [29,30].

2.2. Assessment of the Social Vulnerability

The social vulnerability was here defined as the average of the sensitivity of the population and
its lack of resilience (adapted from Murillo-Garcia and co-authors [28]), as shown in the Equation (1).

Social vulnerability — Sensitivity + Lazck of Resilience 1)

The social vulnerability indicators that were chosen to compute the sensitivity and the lack of
resilience of the Loures municipality were obtained from the National Institute of Statistics (INE)
census at the BGRI level. Relative to the Murillo-Garcia and co-authors formulas [28], we chose to
consider only the sensitivity and lack of resilience of the population as parts of the vulnerability,
excluding thus its exposure to the landslides, which is considered later in the study as a part of
the risk analysis. Moreover, we considered the average of the indicators and not the power of their
multiplication as Murillo-Garcia and co-authors did [28], in order to have values of sensitivity, lack of
resilience and social vulnerability ranging between 0 and 1, being 0 the minimum and 1 the maximum.

Some of the indicators had to be adapted due to the availability of the data and the context
(see Table 2). The indicators with an asterisk were not used by Murillo-Garcia and co-authors [28].

Table 2. Social vulnerability indicators (adapted from [28]).

Indicator Description
D) Population density: number of residents per square kilometre
YP Young population: Population younger than 13 years old
or Old population: Population older than 64 years old
FP Female population: Number of female residents
r Tlliterate population: Number of residents who do not read neither write
WA * Without activity: Number of residents living without economic activity
UNEMP * Unemployed popula.tion: Number of unemployed residents looking for a
first job or for a new job
NDEV * Number of dwellings without water, WC, sewer or bathroom
RDW * Rented dwellings: Number of classical family accommodation of usual

residence which are rented

Reclassified location coefficient: used to characterise the property market

RLC and the accessibility of the buildings by the Portuguese Tax Services

* Indicators not used by [28].

In total, ten indicators were used to quantify the social vulnerability at the BGRI scale, five for the
sensitivity (Equation (2)) and five for the lack of resilience (Equation (3)).

DP + YP + OP + FP + IP
Sensitivity = T 5 Rk 2

where DP represents the population density; YP represents the population younger than 13 years old;
OP represents the population older than 64 years old; FP represents the female population; and IP
represents the illiterate population.

WA + UNEMP +NDEV +RDW + RLC

Lack of resilience = 5 3)
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where WA represents the number of persons without financial activity; UNEMP represents the
unemployed population; NDEV represents the dwellings without water, WC, sewer or bathroom;
RDW represents the rented dwellings; and RLC represents the reclassified location coefficient.

All the indicators used in the Equations (1)-(3) were linearly rescaled from 0 to 1,
where 1 characterises the maximum vulnerability. The social vulnerability values range therefore also
between 0 and 1.

The social vulnerability coming from the average of the sensitivity and the lack of resilience was
classified into five classes using a standard deviation classification (Table 3).

Table 3. Classification of social vulnerability calculated at the BGRI scale his is a table.

Social Vulnerability Value and Level Value of the Class
<—1.55td. Dev. [0; 0.24] Very low 1
[—1.5Std. Dev.; —0.5 Std. Dev.] [0.24; 0.38] Low 2
[—0.5 Std. Dev.; 0.5 Std. Dev.] [0.38; 0.53] Medium 3
[0.5 Std. Dev.; 1.5 Std. Dev.] [0.53; 0.67] High 4
>1.5 Std. Dev. [0.67; 1] Very high 5

2.3. Assessment of the Physical Vulnerability of Buildings

The physical vulnerability of the buildings of the Loures municipality was assessed for different
landslide magnitude scenarios in a previous study by calculating the average vulnerability attributed
by a pool of European landslide experts and by a sub-pool of landslide experts who know the
study area [30]. The experts attributed a vulnerability value to the buildings of the Loures
municipality, which had been classified into 4 classes regarding their structural types: (1) wood
or metal (light structures); (2) adobe, rammed earth, or loose stone walls; (3) brick or stone masonry
walls; (4) masonry walls confined with reinforced concrete. Indeed, as the properties of the foundations
of all the buildings in Loures are not known, as it is often the case for a municipality or a region because
of the large number of elements at risk, the structure of the buildings had been used as a proxy
to estimate their resistance capacity. Second, as the vulnerability varies according to the landslide
magnitude and to the position of the building on a landslide, five landslide magnitude scenarios were
considered assuming different depths of the slip surface (1, 3, 5, 10, and 20 m). The maximum slip
surface depth correspond to the value of the largest landslide inventoried in the study area [33,39].
The variability of the answers given by the experts had been assessed by calculating the standard
deviations. The average vulnerability, based on the structural type of the buildings, had been calculated
at the basic geographic entity (BGRI) level. The present study considers the physical vulnerability
values obtained in the previous study [30], classified into four classes (Table 4).

Table 4. Classification of physical vulnerability calculated at the BGRI scale.

Physical Vulnerability Value and Level Value of the Class
0-0.2 Very low 1
0.2-0.4 Low 2
0.4-0.6 Medium 3
0.6-0.8 High 4
0.8-1 Very high 5

2.4. Combination between the Social Vulnerability and the Physical Vulnerability of Buildings

The classes of the social vulnerability (Table 3) and the physical vulnerability (Table 4) were
summed to obtain the combined vulnerability (Table 5).
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Table 5. Classification of the combined vulnerability.

Combined Vulnerability Value Combined Vulnerability Class
land 2 Very low
3and 4 Low
5and 6 Medium
7and 8 High
9and 10 Very high

The combined vulnerability values were computed for the five landslide magnitude scenarios
and the resulting maps are shown in the Results Section 3.3.

2.5. Landslide Risk Analysis

The landslide risk is defined as the product of the landslide hazard, the vulnerability and the
value of the elements at risk [16,33,40].

Landslide hazard is characterised by the probability of occurrence within a specified period of time
and within a given area of a potentially damaging phenomenon [16] having a given magnitude [41],
which is typically measured with the landslide area or the landslide volume [42]. In this study,
the temporal probability is not accounted for, due to the lack of data needed to characterize the
recurrence time of landslides. Therefore, hazard is substituted by susceptibility, which express the
potential for landslide occurrence as a function of geo-environmental and morphological controls.
A previous study demonstrated that the 3-metre-deep landslides are the ones which generate the
highest risk values in the Loures municipality due to their relatively high frequency combined with
a substantial potential damage [30]. Therefore, to assess the risk in the present study, the value of
3-metre-deep landslide was chosen. Nevertheless, it is possible to assess the risk in the same way for
any landslide magnitude scenario.

In the case of this study, the landslide risk was analysed by table crossing the landslide
susceptibility, the combined vulnerability and the elements at risk, following Koks and co-authors [43].
In the present study two types of elements at risk were considered: the population and the built
environment. That is why landslide risk is presented in two tables in the Results Section 3.4, the first
one considering the exposure of the resident population, and the second one considering the economic
value of the buildings.

In order to assess the exposure of the population and the buildings, the resident population of
each BGRI subsection provided by the census of the INE was considered, as well as the buildings
location that was provided in vector format by the Loures Municipality (Direccao de Projecto do Plano
Director Municipal, or DPPDM). Because the number of residents per building was not available,
the resident population per BGRI was distributed into each residential building of the BGRI by
dasymetric mapping in function of the area of each building [44], in order to estimate the number of
residents in each susceptibility class and in each combined vulnerability class. In addition, the physical
vulnerability calculated for each BGRI unit was ascribed for the total buildings existing in the BGRI.

The economic values of the buildings of the Loures municipality were calculated in a previous
study [30], using the Equation (4):

EV=ACC x TA x FC x LC x AC 4)

where EV is the market economic value; ACC is the average cost of construction; TA is the total area;
FC is the functionality coefficient; LC is the location coefficient; and AC is the age coefficient.

Finally, the landslide risk was analysed at the pixel basis by crossing the landslide susceptibility and
the buildings, the later containing the information of combined vulnerability and the economic value.
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3. Results

3.1. Assessment of Social Vulnerability for the BGRI Terrain Units

The social vulnerability was assessed at the BGRI scale (Figure 3). This assessment was based on
the average of the sensitivity and the lack of resilience, themselves based on ten indicators provided by
the Portuguese census and by the Portuguese Tax Services (Law Number 64-B/2011 of 30 December).

Social Vulnerability

[ > 1.5 std. Dev.
0.5- 1.5 Std. Dev.
-0.5-0.5 Std. Dev.
-1.5--0.5 Std. Dev.

[ <-155td. Dev.

Figure 3. Social vulnerability of the Loures municipality. The civil parishes are delimitated (which
names are indicated in Figure 1).

Some few BGRI subsections (162 out of 2942) of the Loures municipality do not have any
referenced building and were represented as white polygons in Figure 3. The social vulnerability of
the 2780 remaining BGRI subsections of the Loures municipality range from 0.03 to 0.92; the mean is
0.48 and the standard deviation is 0.11. The vulnerability values were classified into 5 classes with
the standard deviation classification in order to highlight the extremes values. 3.5% of the BGRI
subsections are in the highest class, represented in red in Figure 3 (vulnerability > 1.5 Std. Dev);
22.0% of the BGRI subsections are in the second highest class, represented in orange in Figure 3
(vulnerability between 0.50 and 1.5 Std. Dev.). The size of the BGRI subsections is not representative of
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the number of residents (the population density is quite variable in the municipality). For instance,
in Moscavide civil parish (number 18 in Figure 1), there are 32 subsections with a very high social
vulnerability; their area is small but their mean population density is high (42 hab./km? for a total area
of 0.15 km?) with respect to the large BGRI subsections with a very high social vulnerability of other
civil parishes (e.g., the 4 largest BGRI subsections of the Loures civil parish (number 4 in Figure 1),
which have a total area of 4.72 km? and a mean population density of 23 hab./km?).

3.2. Physical Vulnerability

Physical vulnerability was assessed for five landslide magnitude scenarios depending on the
depth of landslide slip surface. Figure 4 shows the physical vulnerability for buildings located on the
body of the slide, assuming different depths of the slip surface (1, 3, 5, 10, and 20 m). The mapping
unit is still the BGRI subsection.

Physical vulnerability

B Very high 18 ; 10]

High 16 ; 8]
Medium 14 ; 6]
Low [3; 4]
3
] km N

Figure 4. Physical vulnerability for buildings potentially affected by a landslide body, for slip surface
depth of (a) 1 m; (b) 3 m; (c) 5 m; (d) 10 m; and (e) 20 m. White polygons are BGRI subsections
without buildings.
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As expected, the physical vulnerability increases with the landslide magnitude. All the BGRI
subsections have a high or very high physical vulnerability for a slip surface above 5 m (see Figure 4).
However, these scenarios are not the most frequent of the Loures municipality. If we take into account
not only the vulnerability of the buildings but also the frequency of the landslides, the risk is the
highest for the 3-metre-deep landslides [30]. That is why this is the value we kept analysing the risk
in Section 3.4.

3.3. Combined Vulnerability

The social and physical vulnerabilities were combined in order to visualise the BGRI subsections
which are the most vulnerable to landslides (Figure 5).

Combined vulnerability
B Very high [9; 10]

High [7 ; 8]
Medium [5 ; 6]
Low [3 ; 4]

3
km N

Figure 5. Combined vulnerability for residents living in buildings potentially affected by a landslide
body, for slip surface depth of (a) 1 m; (b) 3 m; (c) 5m; (d) 10 m; and (e) 20 m. White polygons are BGRI
subsections without buildings.
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In terms of values, most of the residents living in buildings potentially affected by a landslide
body have a low or medium vulnerability to 1-metre-deep landslides, a medium, high and in some
cases a very high vulnerability to 3 and 5-metre-deep landslides, and a high and very high vulnerability
to 10 and 20-metre-deep landslides (Figure 5). The obtained maps provide a location of the most
vulnerable BGRI subsections, but they do not provide information about the number of residents
which are in the high and very high vulnerability classes.

3.4. Landslide Risk Analysis

The risk was analysed for the scenario that considers 3-metre-deep landslides for the resident
population living in buildings potentially affected by a landslide body and for the built environment
potentially affected by a landslide body within the Loures municipality. The results are summarised in
Tables 6 and 7, respectively.

Table 6. Landslide risk analysis for the resident population, considering the combined vulnerability
for 3-metre-deep landslides (see Figure 5b); adapted from Koks and co-authors [43].

Landslide Area of the Landslide Resident Share of Resident Population per Combined
Susceptibility Class Susceptibility Class Population Vulnerability Class (i.e., Risk)

(See Figure 2) Total (km?) % Total % Very High High  Medium Low Error

L. Very high 11.71 6.97 391 0.2 0 0.14 0.06 0 0

1. High 16.15 9.61 768 0.7 0 0.33 0.37 0 0

III. Low 31.16 18.53 8492 43 0.01 1.92 2.36 0 0
IV. Very low 109.10 64.89 187,343 94.8 0.74 4115 52.78 0.07 0.07
Total 168.13 100.00 197,614  100.00 0.75 43.54 55.57 0.07 0.07

Table 7. Landslide risk analysis for the buildings, considering the combined vulnerability for
3-metre-deep landslides (see Figure 5b).

Landslide Area of the Landslide Economic Value of the Share of Economic Value of the Buildings per
Susceptibility Class Susceptibility Class Buildings Combined Vulnerability Class
(see Figure 2) Total (km?) % Total (M€) % of Buildings Very High High Medium  Low Error
1. Very high 11.71 6.97 35 0.2 0 0.14 0.06 0 0
II. High 16.15 9.61 111 0.6 0 0.32 0.28 0 0
III. Low 31.16 18.53 681 3.7 0.03 1.89 1.77 0.03 0.01
IV. Very low 109.10 64.89 17,450 95.5 3.24 36.71 52.83 0.65 2.04
Total 168.13 100.00 18,277 100.00 327 39.06 54.94 0.68 2.05

In Table 6, the exposure of the population is characterised by the number of residents per class of
landslide susceptibility. The share of the residents per class of combined vulnerability is also shown
by the percentage of each combined vulnerability class, within each landslide susceptibility class.
In Table 7, the economic value of the buildings and the percentage of buildings per susceptibility
class are shown, as well as the share of economic value of the buildings, which is represented by its
percentage of combined vulnerability, in each landslide susceptibility class.

There is also an “error” column in each table, which comes from buildings that had been identified
by the Municipal Master Plan (Direcgao de Projecto do Plano Director Municipal, or DPPDM) but that
had not been recorded in the BGRI by the INE (they are situated in the white zones of the Figure 3);
that is why the vulnerability could not be calculated in these BGRI subsections. The error caused by
this lack of data has a limited influence on the total results, as the proportion of missing data is almost
negligible in the case of the resident population (0.07%) and quite low in the case of the buildings
(2.05%).

Considering the combined vulnerability to 3-metre-deep landslides, the classes 1 (very high) and
4 (low) have a small area in relation to the classes 2 (high) and 3 (medium), as it can be seen in the
Figure 5b. That is why most of the population (99.11%) resides in the classes 2 and 3 (respectively high
and medium combined vulnerability classes). Among these classes 2 and 3, most of the population
resides in the very low landslide susceptibility class (IV), which represents 64.89% of the Loures
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municipality. Its risk is thus not high, in comparison to the 0.90% residents who are living in high
(IT) or very high (I) landslide susceptibility class. Similar observations can be done for the economic
value of the buildings. Indeed, most the built environment (94.00%) is located within the combined
vulnerability classes 2 and 3, and most of the buildings are located within the very low landslide
susceptibility class (IV). The risk is the highest for the 0.8% of the buildings which are located within
the high (II) and very high (I) susceptibility classes (the total economic value of which being EUR
146,170,000) and among them, for the ones which are located within the most vulnerable classes
(0.80% of the total economic value of the buildings are located within a high or very high susceptibility
class and has a combined vulnerability medium or higher).

4. Discussion

In comparison to the social vulnerability values resulting from the study of Murillo-Garcia and
co-authors [28], the social vulnerability which was assessed at the BGRI scale in the present study is on
average lower. This can be explained by the fact that Murillo-Garcia and co-authors [28] considered
the exposure of the population as a part of the vulnerability. Moreover, the original formulas were
adapted, and the indicators are not always the same. Finally, the context is different, essentially by the
absence of indigenous population in the Loures context.

Regarding the economic value of the buildings (Table 7), the share of the economic values tends
to follow the trends of the share of resident population shown in Table 6. This is mainly because the
distribution of the residential buildings (which were used in Table 6) is fairly homogeneous among the
total built environment (which was used in Table 7).

The method used in the present study to assess the social vulnerability at the BGRI scale has
the advantage to be applicable to any Portuguese municipality and it is not time consuming because
the data used is provided by the INE and the Portuguese Tax Services and are available at the BGRI
scale for the entire country. Moreover, the risk analysis presented here for 3-metre-deep landslides
can be reproduced for any of the other landslide magnitudes for which the physical vulnerability was
assessed. Finally, the risk analyses are summarised in tables which enable a quick interpretation of
the findings.

However, the present study has several limitations; one of them is that the results were not
validated, as it occurs in most of the geospatial modelling studies which focus on the construction,
mapping and analysis of quantitative factors [45]. Consequences data record after landslide occurrences
in the Loures municipality is limited; the data are too few to build a reliable validation model of
vulnerability and risk findings. Moreover, indicators relative to the health, the coping capacity and
the risk perception are also important for a complete social vulnerability assessment [45], and these
indicators are not available in Portugal at the BGRI scale. Another limitation is that the model of
social vulnerability provides results for the resident population, which must be close to the reality
during the night-time; but during the daytime the population is not the same and the INE does not
provide detailed data (e.g., age, employment) about the population which is present in the Loures
municipality during the daytime. An estimate could be found by using a spatio-temporal model
of the population distribution which uses population mobility statistics, as the one of Freire and
co-authors [46]. The population which is present in the Loures municipality during the daytime
could be assessed in a future work. Regarding the susceptibility, the susceptibility map was prepared
for landslides deeper than 1.5 m, while the risk analysis is limited to landslides with a depth of
about 3 m. Therefore, there is a discrepancy between the susceptibility and the risk analysis, possibly
leading to errors. However, the error is small because the landslide frequency strongly decreases with
landslide size, which means that distribution of landslide susceptibility does not depend substantially
on landslides deeper than 3 m. The last limitation regards the issues of the presentation of the
results: first, the vulnerability classification is relative, which makes difficult the comparison of the
results of this municipality with other municipality vulnerability which would be assessed with the
same method; second, the combined vulnerability maps show the location of the vulnerable BGRI
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subsections without providing information about the number of residents which are in each subsection,
and the stakeholders may have to overlap the population density on the combined vulnerability maps
before making decisions to reduce landslide risk in the study area. Finally, the repartition of the
residents per buildings was not known and was therefore estimated using a dasymetric distribution,
which approximates the reality adding therefore a supplementary uncertainty. The stakeholders should
take into consideration the propagation of uncertainty in the different steps of the methodology, which
makes the results quite uncertain.

5. Conclusions

The major aim of the present study was to develop a method of vulnerability assessment including
the social and the physical facets of the vulnerability, and which is applicable at the municipal scale
in Portugal. The second aim was to use the vulnerability assessment to support the landslide risk
analysis. Finally, the developed method should be useful to spatial planning, civil protection and
insurance stakeholders.

Many methodologies developed for vulnerability assessment are difficult to implement because of
the unavailability of data. In addition, the achievement of relevant data is frequently time-consuming
as it implies extensive field work. The present study aimed to be easily and readily applicable in others
Portuguese municipalities for which an inventory of the past landslides has been listed.

A social vulnerability assessment was made at the BGRI scale in the present study. Results
coming from a previous study [30] were used for the physical vulnerability assessment of the buildings.
The combination of the two facets of the vulnerability was made by crossing the classes of the
vulnerability assessment with the classes of the physical vulnerability at the BGRI scale in a matrix.
The landslide risk was finally analysed considering the combined vulnerability provided by the
combination of the physical vulnerability and the social vulnerability assessment, the landslide
susceptibility, the exposure of the population and the value of the elements at risk. The 3-metre-deep
landslide magnitude scenario was chosen because the risk is maximum in this case due to the relatively
high frequency of such landslides and their substantial potential damage.

According to the susceptibility model (very high and high susceptibility classes), 75% of the
future landslides should occur in 16.58% of the study area. This area gathers 0.9% of the resident
population (the 0.47% of the Loures population who live in this area are highly vulnerable to
3-metre-deep landslides and the remaining 0.43% have a medium vulnerability) and 0.8% of the
buildings, the economic value of which being EUR 146,170,000.

In terms of application, civil protection can be interested by the combined vulnerability developed
in this study. Indeed, this vulnerability assessment provides the location of the more vulnerable
population at a large scale crossed with the buildings which have a high physical vulnerability to
different landslide magnitudes.
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