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Abstract:

This paper presents the application of a multi-criteria analysis (MCA) tool for 
landslide susceptibility assessment in Porto Alegre municipality, southern Brazil. 
A knowledge driven approach was used, aiming to ensure an optimal use of the 
available information. The landslide conditioning factors considered were slope, 
lithology, fl ow accumulation and distance from lineaments. Standardization of 
these factors was done through fuzzy membership functions, and evaluation of 
their relative importance for landslide predisposition was supported by the analytic 
hierarchy process (AHP), based on local expert knowledge. Finally, factors were 
integrated in a GIS environment using the weighted linear combination (WLC) 
method. For validation, an inventory, including 107 landslide points recorded 
between 2007 and 2013 was used. Results indicated that 8.2% (39.40 km²) of the 
study area are highly and very highly susceptible to landslides. An overall accuracy 
of 95% was found, with an area under the receiver operating characteristic 
(ROC) curve of 0.960. Therefore, the resulting map can be regarded as useful 
for monitoring landslide-prone areas. Based on the fi ndings, it is concluded that 
the proposed method is eff ective for susceptibility assessment since it yielded 
meaningful results and does not require extensive input data.
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Resumo: 

Este estudo apresenta a aplicação de uma ferramenta de análise multi-critério para mapear a suscetibilidade 
a escorregamentos no município de Porto Alegre, sul do Brasil. Uma abordagem guiada pelo conhecimento 
de especialistas foi utilizada, com o intuito de otimizar a utilização das informações disponíveis. Os fatores 
condicionantes dos escorregamentos considerados foram declividade, litologia, acúmulo defl uxo e distância de 
lineamentos. A padronização desses fatores foi realizada por meio da aplicação de funções fuzzy e a importância 
relativa de cada um na predisposição do terreno a escorregamentos foi estabelecida com o apoio da técnica AHP 
(Analytic Hierarchy Process), com base no conhecimento de especialistas locais. Por fi m, a integração dos fatores 
em ambiente SIG se deu por meio do método denominado Combinação Linear Ponderada (WLC). Para validar 
os resultados, utilizou-se um mapa inventário contendo 107 cicatrizes de escorregamentos, registradas entre 2007 
e 2013. Os resultados indicam que 8,2% (39,38 km²) da área de estudo possui uma suscetibilidade alta e muito 
alta a escorregamentos. A validação dos resultados obteve uma exatidão geral de 95%, com uma área abaixo da 
curva ROC (Receiver Operating Characteristic) de 0,960. Portanto, o mapa obtido pode ser considerado útil para 
monitorar as áreas propensas a esses processos. Com base nos resultados, conclui-se que o método proposto é 
efi caz para a avaliação da suscetibilidade, uma vez que os resultados obtidos são robustos e que não foi necessária 
uma quantidade extensa de dados de entrada. 

1. Introduction

The accelerated urbanization in developing coun-
tries without proper spatial planning has often led to the 
occupation of unsuitable or hazardous areas, such as hilly 
slopes and unstable ground (Di Martire et al. 2012). The 
increase of population density in these places, without 
considering the fragility of the environment, exposes pe-
ople and buildings to landslide events, which can cause 
economic losses, social and environmental impacts and, 
in extreme cases, loss of human lives (Fell et al. 2008; 
Zhu et al. 2014).

In Brazil, due to their frequency and damage, lands-
lides represent the second most destructive natural hazard. 
Between 1991 and 2012, 2,868 fatalities occurred (IPT 
2014) and approximately 5.87 million people were aff ected 
(i.e. injured, homeless, displaced, evacuated or requiring 
immediate assistance) by these processes (UFSC and CE-
PED, 2014). Apart from the loss of lives, landslides also 
result in great economic losses. As an example, the mass 
movements that occurred in 2011 in the mountainous area 
of Rio de Janeiro State caused more than US$ 2.8 billion 
in damage (World Bank 2012).

In order to mitigate these impacts, the assessment of 
landslide susceptibility is particularly valuable, given that 
it may help to select appropriate preventive and corrective 
risk reduction measures (Liu and Wu, 2008). The eff ective 
use of these studies provides an indispensable instrument 
for landslide risk management, not only for identifying are-
as where detailed studies are needed, but also for assisting 
decision makers to elaborate land-use planning policies.

A variety of approaches has been proposed to 
assess landslide susceptibility at diff erent observation 
scales. They can be grouped basically into three types: 
(1) deterministic (e.g. classical slope stability theory and 
safety factor analysis), (2) statistical (e.g. bivariate and 
multivariate analysis) and (3) heuristic (e.g. map com-
bination and fi eld geomorphological analysis) (Guzzetti 
et al. 1999; Fell et al. 2008). Deterministic approaches 
allow computing safety factors and normally provide 
accurate results. However, such investigations are usually 
cost-intensive and time-consuming due to the amount of 
geotechnical and groundwater data needed and, thus, are 
more suitable for small and site-specifi c studies (Aleotti 
and Chowdhury 1999; Barredo et al. 2000; Ayalew and 
Yamagishi 2005). Likewise, statistical methods demand 
detailed landslide inventories (Soeters and Van Westen 
1996), which are still scarce in developing countries. On 
the other hand, heuristic approaches based on the combi-
nation of maps, normally do not require extensive input 
data and are relatively straightforward to apply and update. 
The major drawback is the subjectivity since the results 
are based entirely on the judgment of the person carrying 
out the study (Guzzetti et al. 1999; Aleotti and Chowdhury 
1999; Barredo et al. 2000). Nevertheless, as pointed by Van 
Westen (2000), subjectivity is not necessarily problematic 
when it is based on expert knowledge. Therefore, due to its 
capability to handle scarcity of data, heuristic approaches 
based on multi-criteria analysis (MCA) have been widely 
applied for assessing landslide-prone areas in recent years 
(e.g. Ruff  and Czurda 2008; Hasekioğulları and Ercanoglu 
2012; Günther et al. 2012, 2014; Feizizadeh et al. 2013, 
2014; Dragićević et al. 2015). 
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In Brazil, several governmental institutions and 
scientifi c groups have suggested guidelines for assessing 
landslide susceptibility, using mainly geomorphological 
analyses (e.g. Macedo et al. 2013; Pascarelli et al. 2013) 
as well as deterministic approaches (e.g. Listo and Vieira 
2012; Michel et al. 2014; Nery and Vieira 2015). Such 
methods are typically applied in areas smaller than 20 km² 
due to the large volume of fi eld data and/or laboratory tests 
required and, therefore, are more suitable for local-scale 
analysis. Nevertheless, available data could be employed to 
perform preliminary assessments in entire municipalities, 
using GIS-based MCA tools. This makes the mapping 
process and its updates fl exible and, therefore, may help 
to optimize the allocation of limited fi nancial resources. 
Once preliminary landslide maps are concluded, detailed 
mappings eff orts can be better planned, giving priority to 
critical areas (Carrara and Guzzetti 1999; Guzzetti et al. 
1999). Despite its advantages, GIS-based MCA approaches 
for susceptibility assessment are rarely applied in Brazil, 
with limited research available (e.g. Bortoloti et al. 2015). 
Another issue is that the existing MCA approaches are 
most commonly applied to non-urbanized areas where only 
natural factors dominate (e.g. Komac 2006; Feizizadeh et 
al. 2014).

Therefore, this study aims to apply a GIS-based 
MCA approach for landslide susceptibility assessment 
in a highly urbanized area, taking into account the data 
availability limitations and uncertainties. The methodology 
seeks to make use of existing information and local expert 
knowledge, aiming to build a fl exible and fairly inexpen-
sive approach. For this purpose, techniques such as fuzzy 
logic, analytical hierarchy process (AHP), and weighted 
linear combination (WLC) were applied, and the results 
were validated through the analysis of receiver operating 
characteristics (ROC) curves. This approach was tested in 
the Porto Alegre municipality, Brazil, where landslides are 
a recurrent problem. The research outcomes are intended 
to support local authorities in prioritizing hazard and risk 
assessments.

2. Study area

The study was carried out in the Porto Alegre mu-
nicipality, Rio Grande do Sul State, southern Brazil. It 
comprises 476.3 km² (Figure 1) with an estimated popula-
tion of 1.480.000 inhabitants (IBGE 2016). The regional 
climate is classifi ed as humid subtropical (Köppen Cfa 
class), with a mean annual rainfall of 1,300 mm and a 
maximum 24-hour precipitation of 165 mm (INMET 

2014). The geologic basement consists of neoproterozoic 
granitic rocks, paleoproterozoic gneisses, and dykes, which 
are crossed by two large faults: the Porto Alegre Suture 
and the Porto Alegre Transcurrent Shear Zone. These units 
are partially covered by younger cenozoic sedimentary 
deposits, such as alluvial and elluvial deposits, terraces and 
beach ridges (Philipp 2008; Philipp and Campos 2004). 
Elevations vary from 0 m near the Guaíba Lake, to 309 m 
at the Porto Alegre Ridge, while the slope gradient ranges 
between 0% and 745%, with an average of 10%.

Porto Alegre has the highest number of landslide 
records in Rio Grande do Sul State, counting six fatalities 
and twelve injuries between 1980 and 2005 (Reckziegel 
2007). It was considered in 2011 by the Brazilian Federal 
Government as a priority for disaster prevention (MI 2013). 
Thus, there is a growing need for developing landslide 
susceptibility maps for this area. Shallow and rotational 
landslides are the most common processes, followed by 
rock falls, which predominate along fault zones located on 
the granitic hills of the Porto Alegre Ridge, highly fractured 
and weathered (Fujimoto 2002; Reckziegel 2012; 2013). 
As mentioned by Brito et al. (2017), the disordered urban 
occupation, especially by the construction of improperly 
cut and fi lls on steep slopes, the removal of vegetation and 
the concentration of surface water fl ow due to improper 
drainage systems, often triggers these processes (Figure 2).

3. Material and methods

The landslide susceptibility assessment was car-
ried out following a knowledge driven GIS-based MCA 
approach, as summarized in Figure 3. At fi rst, contour 
lines of a topographic map at 1:1,000 scale (Hasenack 
et al. 2010), which was produced in 1982, were used 
to generate a digital elevation model (DEM). A trian-
gulated irregular network (TIN) model was applied, 
taking into account its advantages to describe areas 
with complex relief as the study area (Eastman 2009). 
Boundaries of lithology and lineaments were extracted 
from a geological map at 1:50,000 scale (Philipp 2008). 
Then, aiming a compromise between taking advantage 
from the available data and compensation for diff erences 
on cartographic scale, all layers were converted to raster 
using a grid size of 5 x 5 meters. The resulting elevation 
grid  enabled the creation of  slope and fl ow accumula-
tion layers, as the fi rst and second relief derivatives, 
while  distance from lineaments was computed from 
the respective raster. Geospatial data processing was 
performed using Idrisi Selva and ArcGIS 10 software
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Figure 1 - Location and elevation of the study area, Rio Grande do Sul State, southern Brazil.

Figure 2 – Human-induced landslides in Porto Alegre: (a) high cut slope in Dallas Street, 2007. (b) natural slope on São Guilherme Street, 

2012, where sewage and debris were thrown directly into the hillside. Source: images provided by PAR (Programa de Áreas de Risco de 

Porto Alegre - SMAM).
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A landslide inventory was compiled through the 
interpretation of fi eld survey reports from 2007 to 2013 
of the Porto Alegre Risk Areas Program (Programa de 
Áreas de Risco de Porto Alegre – PAR). These reports 
are elaborated based on detailed fi eld surveys after the 
occurrence of landslides. Totally, 107 shallow translatio-
nal and rotational landslides were mapped. The inventory 
results, as well as a detailed analysis of instability patterns 
in Porto Alegre municipality, are fully described by Brito 
et al. (2016). Despite the signifi cant number of records, it 
should be noted that only the events that caused damage 
to society and occurred in urbanized areas were recor-
ded by PAR. Thus, it does not represent all landslides 
occurring in the study area. Nevertheless, even having 
some shortcomings, the inventory provides an important 
data set, valuable both for guiding the susceptibility as-
sessment process as well as for validating the results. It 
is worth mentioning that due to the reduced dimensions 
of the landslides in Porto Alegre and since they usually 
occur in densely populated areas, it is usually not possible 
to identify these features based on medium resolution 
satellite data. As highlighted by Brito (2015), only scars 
bigger than 300 m can be identifi ed using Landsat data.

3.1  Landslides conditioning factors

The landslide conditioning factors (Figure 4) have 
been selected with the support of fi ve academic resear-
chers and three practitioners from various government 
departments, who have signifi cant expertise in the fi eld of 
landslide mapping in Porto Alegre. The availability, sen-
sitivity, and independence of each factor were evaluated, 
aiming to create a susceptibility model as compact and 
robust as possible (Quan and Lee, 2012). Additionally, the 
recommendations of Van Westen et al. (2008), regarding 
the adequacy of each factor to the scale of work, were 
taken into account. In the end, factors chosen to be incor-
porated in the analysis and their respective relation with 
landslide susceptibility in the study area were as follows:

- Slope: is the main factor for stability analysis. As the slope 
gradient increases, the shear stress in soil and the vertical 
component of gravity increase as well, and, consequently, 
the higher is the probability of landslide occurrence (Lee 
and Min, 2001; Yalcin, 2008);

- Flow accumulation: has a direct relationship with sur-
face and groundwater fl ow concentration, and thus, with 
soil saturation (Montgomery et al. 1998; Fernandes et al. 
2004). As the upslope catchment area increases, the soil 

Figure 3 - Flow chart for landslide susceptibility assessment in Porto Alegre municipality.
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tends to become saturated and the probability of landslides 
is likely to rise;

- Lithology: is considered to be one of the main decisive 
factors in landslide susceptibility assessment. The geolo-
gic basement aff ects the formation of soils with diff erent 
cohesion, strength, texture and permeability and, hence, 
with distinct geotechnical behavior (Rozos et al. 2011);

- Distance from lineaments: fault and shear zones are 
preferential areas for rock mass weathering and, thereby, 
contribute to reduce the strength parameters of rocks and 
soil. In general, the smaller the distance from tectonic 
structures the higher is the probability of landslides oc-
currence (Foumelis et al. 2004; Pourghasemi et al. 2012). 
In this study, only the most prominent lineaments were 
considered due to data availability limitations. However, 

wherever possible detailed geological and lineament maps 
should be used.

It is important to highlight that factors such as the 
slope aspect and curvature were also considered in a 
preliminary analysis. Nevertheless, since no statistically 
signifi cant correlations were found between these variables 
and the occurrence of landslides in Porto Alegre (Brito et 
al. 2017) they were not considered in the model described 
here. Likewise, the land use and the pedology were also 
evaluated, as fully described by Brito (2014). However, the 
inclusion of such variables did not aff ect the fi nal results 
and did not increase the model accuracy. Hence, to keep 
the model as simple and robust as possible, we decided 
to consider only four conditioning factors in the fi nal 
susceptibility scenario.  

Figure 4 - Landslide conditioning factors.
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3.2 Standardization of landslide conditioning factors

To allow the combination of the diff erent condi-
tioning factors, standardization has to be applied. In this 
study, the original values were allocated in a continuous 
and dimensionless scale, ranging from 0 (no suscepti-
bility) to 1 (full susceptibility), by means of fuzzy set 
membership functions (Zadeh 1965). Fuzzy sets are more 
realistic when compared to the classic boolean logic, 
since the standardization of data is done by considering 
a continuous scale, rather than a crisp binary set member-

ship (Ghosh et al. 2012). Furthermore, they allow taking 
into account the uncertainty of human decision making, 
which is a key element in any susceptibility assessment. 
The control points and membership functions for each 
factor were defi ned based on its relative importance to 
landslide predisposition according to local experts and 
existing literature (Figure 5). In addition, the spatial 
relationship between conditioning factors and the 107 
landslides mapped were used to check the consistency 
of the expert’s judgments (Brito et al., 2016). 

Figure 5 - Fuzzy membership functions and control points used in the standardization of landslide conditioning factors.

 3.3 Determination of landslide conditioning factors weights

The relevance of each factor for landslide predis-
position was determined through the MCA Analytic 
Hierarchy Process (AHP), based on interviews with 
local experts. This MCA technique, developed by Sa-
aty (1977), reduces complex decision problems into a 
sequence of pairwise comparisons, which can be easily 
understood. Because of its simplicity and fl exibility, 
AHP has been widely applied in landslide susceptibility 
studies (e.g. Yalcin and Bulut 2007; Thanh and Smedt 

2011; Park et al. 2012; Reis et al. 2012; Pourghase-
mi et al. 2012; Hasekioğulları and Ercanoglu 2012; 
Dragićević et al. 2015). In this technique, a reciprocal 
pairwise matrix is constructed by comparing the factors 
and assigning a relative importance value to its relation, 
according to a 9-point continuous scale (Figure 6). Once 
these comparisons are done, the factor weights are de-
termined by the principal eigenvector of the matrix, as 
shown in Eq. (1). A detailed description on AHP can be 
found in Belton and Stewart (2002).

Figure 6 - Scale of relative importance between factors pairs (Eastman 2009).
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                                     (1)

where A is the pairwise comparison matrix; w is the 
vector of weights; and λ

max
 is the maximum eigenvalue 

of the matrix.

One of the AHP’s strengths is to provide ways to 
evaluate the inconsistency of the expert’s judgments by 
means of a consistency ratio (CR), which measures the 
probability that the matrix ratings were randomly generat-
ed. A CR of 0.1 or less indicates that the judgments have an 
acceptable level of consistency, and the weights are valid. 
Otherwise, if CR is higher than 0.1, there are inconsisten-
cies in the evaluation process and the matrix should be 

revised (Saaty 1980). For this study, the CR was found to be 
0.05, which indicates that consistent judgments were used. 
This was expected since the knowledge from experienced 

geologists, geomorphologists, and geotechnical engineers 
was taken into account. The fi nal weights are shown in 
Table 1. Slope received the highest weight (0.5581), with 
similar values to those   adopted by Ayalew et al. (2004), 
Abella and Van Westen (2007), Reis et al. (2012), Günther 
(2012). Lithology was assigned as the second most impor-
tant (0.2789) (e.g. Zhou et al. 2006; Akgün and Bulut 2007; 
Kamp et al. 2008), followed by distance from lineaments 
(0.1130) (e.g. Intarawichian and Dasananda 2010; Suh et 
al. 2011; Rozos et al. 2011; Teimouri and Graee 2012), 
and, fi nally, by fl ow accumulation (0.0501) (e.g. Ghosh et 
al. 2011; Mondal and Maiti 2012).

Table 1:  Pairwise comparison matrix, conditioning factors weights and consistency ratio.

Conditioning factor Slope Lithology
Distance from 

lineaments
Flow Weight

Slope gradient 1 0.5581

Lithology 1/3 1 0.2789

Distance from 
lineaments

1/5 1/3 1 0.1130

Flow accumulation 1/7 1/7 1/3 1 0.0501

CR = 0.05   

3.4 Combination of landslide conditioning factors

Once the weights were established, a weighted 
linear combination (WLC) was employed to integra-
te the fuzzifi ed factors on a domain level. Due to its 
straightforwardness, WLC is probably the best known 
and most widely applied GIS aggregation method (e.g. 
Gorsevski et al. 2006; Yalcin and Bullut 2007; Feiziza-
deh and Blaschke 2013; Kouli et al. 2014; Dragićević 
et al. 2015). This approach is based on the concept of 
a weighted average, where each standardized factor is 
multiplied by its weight, as shown in Eq. (2).

                                              (2)

where S represents the fi nal score of susceptibility;  is 
the standardized factors;  is the factor weights obtained 
by the AHP technique.

This equation was performed pixel by pixel, resulting 
in a continuous landslide susceptibility map, with values 
ranging from 0.00 to 0.91. In order to facilitate its interpreta-
tion, the map was divided into fi ve susceptibility classes, by 
using methods such as quantiles, natural breaks, and equal 
intervals. The quantiles approach placed widely diff erent 
values into the same class (Ayalew and Yamagishi 2005) 
while the natural break emphasized the very high suscepti-
bility class relative to others. Thus, the equal interval method 
was chosen as the most appropriate function for the study 
area (e.g. Dai et al. 2001; Kanungo et al. 2006; Akgun and 
Türk 2010; Dragićević et al. 2015). In the end, the following 
susceptibility classes were obtained: very low (interval 0.00 
to 0.18), low (0.18 to 0.36), moderate (0.36 to 0.54), high 
(0.54 to 0.73), and very high (0.73 a 0.91).

3.5 Validation of the landslide susceptibility map

Validation is an essential step in the development 
of any susceptibility assessment as it allows determining 
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the predictive capacity of the model so that it can be 
applied with confi dence. In this study, the validation 
was performed by comparing the susceptibility map 
with the 107 known landslides points, by using simple 
overlay. Furthermore, the degree of fi t of the obtained 
map was verifi ed through the analysis of the ROC curve 
(e.g. Poiraud 2014). This method allows assessing the 
overall accuracy of a model in a continuous way, avoi-
ding errors due to the map division into susceptibility 
classes. ROC curves plot the proportion of areas with 
landslides correctly classifi ed as susceptible (true po-
sitive rate) against the proportion of stable terrain units 
classifi ed as susceptible (false positive rate) (Frattini et 
al 2010). From this operation, the area under the curve 
(AUC) with the defi ned threshold (selected as 100 in 
this study) was determined, assessing the performance 
of the model on a scale ranging from 0 to 1, where 1 
corresponds to a perfect model and values below 0.5 
represent a random prediction (Hasekioğullari and 
Ercanoglu 2012).

4. Results and discussion

The results show that the largest proportion of 
the study area was mapped as belonging to very low 
susceptibility class, whose surface comprises 52.2% 
of the total area (Figure 7). The average slope is 5%, 
which inhibits the fl ow of soil and rocks. The substrate 
is composed predominantly by sediments. Given these 
characteristics, the natural occurrence of landslides is 
very unlikely in these places. Nevertheless, this class is 
often aff ected by fl oods as reported by CPRM (2015).

A total of 124.9 km² or 26.2% of the area was 
mapped as being with low susceptibility. The slope in 
this class varies between 6 and 15% and the geology is 
represented basically by the Viamão and Ponta Grossa 
granites. Even though landslides are unlikely to occur 
in this class, the incidence of such processes cannot be 
disregarded. As mentioned by Remondo et al. (2005) 
even in places where natural factors do not favor the 
occurrence of landslides, these processes can be trig-
gered by human intervention.

Sites mapped as moderate amounted to only 3.9% 
of the study area. They are covered basically by sedi-
mentary deposits, with slopes ranging mainly between 
20 and 25%. Though the natural factors are not favorable 
to landslides in this class, such processes should not be 
disregarded since they can be unleashed by wrong hu-

man intervention. For this reason, the urbanization of 
these areas should be preceded by local analysis to check 
whether the site can be occupied without restriction or 
requires the implementation of risk mitigation measures.

High and very high susceptible zones comprise 
respectively 3.1% and 5.1% of the municipality. They 
are concentrated on hillsides with extremely fractured 
igneous rocks, a large density of faults and with slopes 
higher than 30%. Hence, the occupation of these sites 
is not recommended due to the costs associated with 
the implementation of risk reduction measures. Despite 
that, approximately 8.3 km² of these two classes are 
already urbanized (Table 2), a situation that tends to 
worsen since urban sprawl is inevitable and continuous. 
Therefore, these areas should be closely monitored in 
order to prevent new occupation, as well as be priori-
tized for carrying out detailed landslide hazard and risk 
assessment studies.

As it can be seen in Table 2, there is no scarcity of 
suitable areas for new urban developments. Hence, public 
authorities have enough leeway to guide urban expansion 
to safe places, seeking for a more sustainable and secure 
future. Nevertheless, Dias (2014) highlighted that dur-
ing the last 20 years, a signifi cant increase in population 
occurred in the Porto Alegre Ridge, precisely a region 
that presents mainly high or very high susceptibility. The 
urban growth in these inappropriate sites accentuates the 
changes in surface processes, altering infi ltration and 
runoff  patterns, which in turn may induce the occurrence 
of landslides. According to the PAR reports this is usu-
ally the case in Porto Alegre, where human actions are 
considered to be the major landslide triggering factor.

Since absolute measurements of landslide suscep-
tibility are not feasible, two alternative validation pro-
cedures were applied. First, the simple overlay method 
showed that around 85% of the 107 landslides known 
locations fell within the very high susceptibility class 
while 10.28% lie into the high susceptibility category 
(Figure 8). In the moderate and low classes, the percent-
age of landslides events was reduced, with only 2.80% 
and 1.87% of all landslides, respectively. Furthermore, 
no landslides were observed in the very low class. This 
indicates that the landslide susceptibility map is reliable, 
and the set of factors and weights used was adequate. 
Thus, is possible to assume that approximately 95% of 
future landslides in Porto Alegre are likely to occur in 
areas mapped with high and very high susceptibility, 
which cover only 39.40 km² (8.2%) of the study area.
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Figure 7 - Landslide susceptibility map for Porto Alegre municipality and the location of 107 landslides occurrences.

Table 2: Distribution of the area and percentage of urbanized and non-urbanized areas according to each susceptibility class

Susceptibility class Area (km²) Area (%) Urbanized (%)
Non-urbanized 

(%)

Very low 248.8 52.2 45.86 54.14

Low 124.9 26.2 38.43 61.57

Moderate 18.6 3.9 28.18 71.82

High 14.9 3.1 29.32 70.68

Very high 24.5 5.1 16.27 83.73

Not mapped (islands) 44.6 9.4 6.85 93.15

The fi ve landslides that fell in the low and moderate 
susceptibility classes do not represent necessarily disagre-
ements. An inspection of the PAR fi eld reports revealed 
that wrong human intervention was the main cause of 
landslides in all cases. They were not only triggered by 
natural factors, but mainly by human activities such as 

the inappropriate construction of retaining walls, modi-
fi cation of the slope profi le by cut-and-fi lls, and disposal 
of wastewater directly into the surface.

Predicting the eff ects of anthropogenic activities 
on the slope stability is far more diffi  cult than predicting 
the susceptibility on natural slopes (Preuth et al. 2010). 
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Hence, additional factors should be considered, and fi eld 
surveys should be done. In this sense, Zhao et al. (2010) 
propose a human impact index that provides an estimate 
of the contribution of anthropogenic activities on landsli-
de processes by incorporating variables such as buildings 
and road densities. In addition, indicators like population 
density, constructive type and degree of urban consoli-
dation could be used (Remondo et al. 2005). According 
to the author, the consideration of those indicators can 
increase signifi cantly the performance of susceptibility 
assessments in urbanized areas. In this study, a layer with 
the land use, including formal and informal settlements, 
was used to predict such eff ects. Nevertheless, due to 

scale limitations (1:15.000), the consideration of this 
factor did not increase the model accuracy. In fact, the 
prediction rate was worse (see Brito, 2014). 

The second assessment of the model outputs is 
given by the ROC curve (Figure 9). The higher the 
percentage of the area under the curve, the greater is the 
model’s accuracy (Kamp et al. 2008). The AUC was 
found to be 0.960, which means that the susceptibility 
map is robust and has an acceptable performance since it 
allows predicting most of the known landslides in a small 
area. As an example, the 5% most susceptible area com-
prises approximately 75% of the total landslides points. 

Figure 8 - Percentage of 107 known landslide occurrences within each landslide susceptibility class for Porto Alegre municipality.

Figure 9 - ROC curve of the landslide susceptibility map. 

When compared to the results achieved in similar 
studies, the AUC value   obtained for Porto Alegre can 
be considered high (e.g. Suh et al. 2011; Akgün 2012; 
Poudyal 2012; Guillard and Zêzere, 2012). It is believed 
that the high AUC value obtained is mainly due to the 

support of local experts in all steps of the study, ac-
companied by a careful analysis of the set of criteria. 
This allowed a reliable evaluation of the conditioning 
factors and a proper interpretation of their relationships 
with landslide susceptibility in the study area. Moreover, 



730

Brito M. M. et al.

Rev. Bras. Geomorfol. (Online), São Paulo, v.18, n.4, (Out-Dez) p.719-735, 2017

the use of fuzzy membership functions prevented that 
the data were grouped into classes with crisp limits, 
retaining their full and more realistic continuous varia-
tion (Schicker and Moon 2012). On the other hand, 
the characteristics of the landslides that occurred in 
Porto Alegre also infl uenced the validation results, as 
they are located mostly at the Porto Alegre Ridge and, 
therefore, it was possible to reach most of the landslides 
in a smaller area.

It is worth noting that, as occurs with any other 
methodology, limitations and inherent uncertainties ex-
ist. One of the main drawbacks of this study refers to 
the fact that only past landslides were used to validate 
the model. Thus, it is not possible to determine the 
ability of the model to predict future landslides, which 
is essential for practical purposes. Therefore, further 
research is needed to address this issue. The classifi ca-
tion of the susceptibility map into fi ve classes is another 
source of errors. Diff erent methods of class division can 
result in signifi cant variances in the fi nal maps, which 
can be completely distinct (Garcia et al. 2007). In this 
sense, Feizizadeh and Blaschke (2013) point out that 
the limits between classes of susceptibility are not clear, 
and, therefore, subject to ambiguity. Major problems are 
observed, especially when considering the values near to 
the limit of each class, for example, values between high 
and very high susceptibility classes. Thus, it is important 
to consider the statistical assumptions underlying the 
classifi cation process (Kritikos and Davies 2011). The 
equal interval method, used in this study, divides the 
range of values into equally sized sub-ranges. It seemed 
adequate for the study area since the landslides occurred 
mainly in the higher susceptibility class.

Despite the above-mentioned shortcomings, the 
approach presented here provides a fl exible method 
for landslide susceptibility assessment in urban areas 
and shows an improvement when compared to previous 
studies done in Porto Alegre municipality (e.g. Reck-
ziegel 2012; CPRM 2015). A visual comparison of the 
results obtained by Reckziegel (2012) and by CPRM 
(2015) indicates that the areas with higher susceptibility 
are the same as those identifi ed in this study. This was 
expected as both studies considered the slope as the 
main conditioning factor. Nevertheless, this study has 
the advantage of considering intermediate susceptibility 
levels. Reckziegel (2012), for example, used a Boolean 
approach and generated a map with only two classes, 
namely susceptible and not susceptible. Although it 

was a pioneering work, its binary character limits the 
practical use since it does not admit intermediate sus-
ceptibility degrees, where the criteria outweigh others. 
In this sense, WLC is advantageous as it allows ranking 
the susceptibility values continuously, so that diff erent 
sites can be assessed on how dangerous one is in relation 
to each other. Such a result provides better subsidies 
for territorial planning as it makes possible selecting 
priorities. Furthermore, using AHP to compute weights 
makes value judgment explicit and transparent (Belton 
and Steward 2002), what facilitates its understanding 
by a broader public.

Considering the spread of web-based GIS tools, 
this opens the concrete possibility of citizens to directly 
give inputs on decision processes for urban develop-
ment, foreseeing community-based decision support 
systems as already exist in some cities (e.g. Naga-
saka 2006). In the same way, the conditioning factors 
can be modifi ed at any time once additional data become 
available, and their weights and notes may be recom-
puted, allowing the generation of scenarios for diff erent 
mass movement types (e.g. specifi c maps for rotational, 
planar landslides and rockfalls) as well as for diff erent 
purposes (e.g. Civil Defense, urban planning, etc.).

5. Conclusions

Due to the lack of geotechnical data as well as 
comprehensive landslide inventories, landslide sus-
ceptibility assessments covering entire municipalities 
or regions are normally not carried out in Brazil. In 
this paper, we proposed a MCA expert-based method 
for assessing landslide susceptibility in urban areas 
while considering the data availability and the weights 
uncertainties through the use of fuzzy logic. Results 
demonstrated that it is possible to produce reliable maps 
through the use of GIS tools, employing only available 
data. The advantages of this approach in contrast to 
deterministic and physically based models consist in 
ease of update, cost-eff ectiveness, and reproducibility 
of the results. Nevertheless, it should be noted that, 
even though the model employed produced meaningful 
results, MCA approaches strongly depend on evaluator’s 
subjective preferences.

From a practical standpoint, the results obtained 
may support local authorities to identify confl ict situa-
tions between slope dynamic and human occupation as 
well as to monitor high susceptibility areas, in order to 
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avoid new urban settlements. Additionally, the suscepti-
bility map can be used to identify places for site-specifi c 
risk assessment, enabling to prioritize human, techno-
logical and fi nancial resources and, thereby, improving 
hazard mitigation. It is believed that similar studies can 
be developed in other municipalities as an early-stage 
assessment of the landslide risk.
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