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Abstract: Landslides are part of the natural processes of Earth’s surface dynamic, which could be
accelerated or triggered by anthropic interference. Inadequate occupation of areas highly susceptible
to landslide processes is the principal cause of accidents on Brazilian urban slopes, especially those
occupied by settlements and slums. In Natal, Rio Grande do Norte state, Brazil, the existence of areas
with steep and densely occupied slopes makes the municipality susceptible to landslides. In this
context, the present study aimed to map the risk of landslides in an urban area located in the city
of Natal. Using the quali-quantitative model proposed by Faria (2011), adapted for the conditions
of the study area, which applies a multicriteria analytical hierarchy process (AHP) to a Geographic
Information System (GIS), 11 risk indicators were submitted to pairwise comparisons by 10 risk
management specialists in order to determine the relative importance (weighting) for each of these
factors as a function of their contribution to the risk. The weightings obtained were combined to
produce the final risk map of the study area, using a map algebra framework. The results show the
existence of a critical risk for the resident population, primarily related to the possibility of a landslide,
with potentially negative economic, environmental, and mainly social impacts.

Keywords: risk; hazard; vulnerability; landslides; multicriteria assessment; analytical hierarchy process

1. Introduction

In recent decades, there has been a considerable increase in the frequency, intensity, and impacts
generated by socioenvironmental disasters worldwide [1]. According to the World Disaster Report
2010, with a focus on urban risks, 4014 natural disasters occurred around the world between 2000 and
2009, affecting more than one million people. In Brazil, a report prepared by [2] revealed that 22% of
the socioenvironmental disasters recorded between 1991 and 2012 occurred in the 1990s, 56% between
2000 and 2009, and 22% in just three years (between 2010 and 2012). The document also indicates an
increase in the number of disasters associated with landslides between 1990 and 2000. According to [3],
this significant increase in the number of landslides on Brazilian slopes is caused primarily by the lack
of urban planning and infrastructure. The latter fact has led the most underprivileged individuals to
occupy naturally unsuitable areas or those that are highly susceptible to unstable slopes, mostly as a
result of the low real estate value of the land.

Unsuitable occupation of areas susceptible to landslides in the city of Natal, Brazil, has made
them vulnerable to slope instability. In 2014, two great magnitude natural disasters associated with
intensity of rainfall were recorded in the districts of Mãe Luiza and Rocas, within Natal. The accidents
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were characterized, respectively, as sand flow on dune area and failure of the soil nail wall on Barreiras
Formation sediment [4]. Both events had significant social and environmental impacts. To mitigate or
even prevent future socioenvironmental disasters similar to those described above from happening,
new research projects dedicated to the study of risk areas are needed.

Risk analysis can be carried out either through a qualitative, quali-quantitative or quantitative
approach [5]. Risk mapping in Brazil and many other countries predominantly uses qualitative
methodologies [6]. This type of assessment is based on professional judgement via field observations,
interpretation of aerial photographs, and information supplied by residents of the region under study.
Many researchers believe that this leads to a certain subjectivity in the results obtained [7]. The outputs
of quantitative methods, in turn, are numerical estimations, namely, the probability of occurrence of
landslides and the probability distribution of consequences within a certain area. However, applications
are restricted to localized studies in limited areas, by the necessity of a large volume of detailed data on
the slopes, acquired with laboratory tests and field measurements. In the quali-quantitative methods,
assessments consider that a number of factors influence stability. The scores attributed to each of these
factors are used to evaluate how favorable or unfavorable they are to the occurrence of instability [8].
The last decade has seen an evolution of quali-quantitative analyses with a view to improve qualitative
risk mapping. These reduce subjectivity, thereby increasing the hierarchization and prioritization of risk
sectors. Ref. [9] proposed a quali-quantitative methodology based on the Analytical Hierarchy Process
(AHP). The application of the AHP method in risk mapping makes the process more systematic and less
subjective. The sensibility analyses used in the method allow for a higher perception of effectiveness in
qualitative assessment and, as a result, a higher confidence level in decision-making [10].

The aim of the present study is to apply an adapted version of the methodology proposed by [9]
in order to diagnose the occurrence of landslides in an area near the São José do Jacó settlement,
in the city of Natal. The methodology used to achieve this aim was a multicriteria decision-making
technique (AHP) and Geographic Information System (GIS) system for application at the local level.
This approach includes the use of a limited number of key risk indicators and allows the delineation
and mapping of risk zones with different associated risk levels which can help engineers and land
planners to design and assess infrastructure and evaluate its effects on the surrounding environment.

2. Materials and Methods

2.1. Quali-Quantitative Risk Assessment Model Proposed by Faria (2011)

The AHP, developed by Saaty in the 1970s, proposes a method that could represent a
decision-making process. The aim was to reach better conclusions based on a hierarchy, pairwise
comparisons, judgement scales, weight and criterion attribution, and selection of the best alternatives
for a finite number of variables [11]. Ref. [9] applied the multicriteria decision-making tool AHP to
the risk mapping qualitative methodology adopted by [12]. This procedure gave rise to a hybrid
methodology classified as quali-quantitative. The application of this approach includes three main
stages: structuring, comparative judgements, and synthesis of priorities. These stages, as presented
by [10], are shown on Figure 1.

The first step of the process involves deconstructing the problem into a hierarchical framework,
organized by levels, with the problem-solving objective at the top and criteria to be assessed and their
relevant alternatives in the decision process at the lower levels [13]. Figure 2 illustrates this stage.

In the comparative judgements stage, risk assessment specialists make a pairwise comparison
between the criteria and alternatives to determine the relative importance (weighting) of each criterion.
To this end, a number scale is needed to indicate how many times one element is more important than
another, and the Saaty Fundamental Scale [13,14] can be used for this purpose.

Finally, in the synthesis of priorities phase, the AHP calculates all the weightings of the hierarchical
levels. The pairwise comparison matrix created is submitted to the eigenvector mathematical technique.
Beforehand, they undergo sensitivity analysis to assess the coherence of the specialists’ judgements.
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Ref. [15] recommend calculating the Consistency Ratio (CR), whose limit value at which judgements
are considered inconsistent is 10%. For CRs above the reference value, Ref. [15] suggests that the
problem be studied and the attributed weightings be revised. The CR calculation procedure involves
estimating the maximum eigenvalue (λmax) and consistency index (CI), as described by [15].

2.2. Research Methodology

The risk mapping for the present study was based on an adapted version of the quali-quantitative
approach described by [9]. The adaptation mentioned occurred in the selection phase of
socioenvironmental indicators, with the purpose of adapting the methodology to the specificities of
the study area, as well as to the history of landslides known in the region of the municipality of Natal.
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The application of the proposed methodology considered 11 socioenvironmental indicators
assessed as decisive in triggering landslides at the site, which were evaluated and characterized
through technical inspection in homes, information provided by residents, aerial photography,
and produced thematic maps. Figure 3 illustrates the indicators adopted in the study.
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Figure 3. Hierarchical structure of the risk assessment approach adopted in the present study.

In choosing these socioenvironmental indicators, we sought to consider the natural and anthropic
factors that affect slope stability. In terms of the former, the amplitude, inclination, slope morphology
in plan and profile, geological structure, and substrate material were considered. With respect to
anthropic factors, processes that produce unfavorable changes to slope stability were considered.
Anthropic processes cause changes in the state of stress and affect the shear strength of materials.
These processes include land use, the presence of water on the surface, and water arising from the
slope profile.

The indicator “presence of instability features” is considered as a key criterion in mapping the
risk of landslides to provide indications of their occurrence or imminence on the slope. This criterion
was adopted in the analysis since there is evidence of a creeping process in triggering landslides at the
study site.

In order to observe instability features, inspections were made at 62 points on the slope in the
study area, encompassing residences and the surface area of the slope, in addition to information
contained in the occurrence registries provided by the Municipal Civil Defense.
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Field inspections sought to identify information that can indicate the occurrence or the possibility
of developing landslides in the area or the possibility of their occurring at the site, such as the
existence of cracks in the floor and/or masonry, the inclination of rigid structures, such as retaining
walls, large trees, fences, posts, and the facade of residences and subsidence of the residential floor,
among other problems.

Vulnerability, as well as hazards, is an important component in risk assessment. It reflects the
interaction between potentially harmful phenomena and the elements exposed to risk. Demographic
density was adopted in this study as an assessment criterion of the population’s exposure to the risk of
landslides in the study area.

The degree of importance for each socioenvironmental indicator in risk generation was measured
using the weights of the AHP method. The authors assigned these weights in collaboration with ten
professionals who were not involved in the research, with a background in geological-geotechnical risk
mapping, consisting of seven civil engineers, two geologists, and one geographer, 6 of whom were
university professors and 4 were employed by private companies.

In order to facilitate obtaining weights by consulting specialists, they received a base document
consisting of a text file and Excel spreadsheet. The document consisted of a brief presentation of
the AHP technique using an explanatory text, presenting the risk indicators selected for analysis,
in addition to a guide on how the electronic spreadsheet should be filled out.

After the specialists attributed the weights, the Consistency Ratio (CR) was used to analyze the
consistency of the weights obtained. The specialists’ assessments were considered acceptable when the
CR was less than or equal to 10%.

For the spatial implementation of the risk map (using geographic information system (GIS)
software), explained in Figure 4, each criterion/indicator (Ci) was transformed into a thematic map
in raster format and reclassified as a function of preliminarily established subclasses. This operation
intended to transform input raster cell values to the desired output values and enable linear
standardization of attributes that exhibit different valuations [8].

Sustainability 2020, 12, x FOR PEER REVIEW 5 of 19 

retaining walls, large trees, fences, posts, and the facade of residences and subsidence of the 
residential floor, among other problems. 

Vulnerability, as well as hazards, is an important component in risk assessment. It reflects the 
interaction between potentially harmful phenomena and the elements exposed to risk. Demographic 
density was adopted in this study as an assessment criterion of the population’s exposure to the risk 
of landslides in the study area. 

The degree of importance for each socioenvironmental indicator in risk generation was 
measured using the weights of the AHP method. The authors assigned these weights in collaboration 
with ten professionals who were not involved in the research, with a background in geological-
geotechnical risk mapping, consisting of seven civil engineers, two geologists, and one geographer, 
6 of whom were university professors and 4 were employed by private companies. 

In order to facilitate obtaining weights by consulting specialists, they received a base document 
consisting of a text file and Excel spreadsheet. The document consisted of a brief presentation of the 
AHP technique using an explanatory text, presenting the risk indicators selected for analysis, in 
addition to a guide on how the electronic spreadsheet should be filled out. 

After the specialists attributed the weights, the Consistency Ratio (CR) was used to analyze the 
consistency of the weights obtained. The specialists’ assessments were considered acceptable when 
the CR was less than or equal to 10%. 

For the spatial implementation of the risk map (using geographic information system (GIS) 
software), explained in Figure 4, each criterion/indicator (Ci) was transformed into a thematic map in 
raster format and reclassified as a function of preliminarily established subclasses. This operation 
intended to transform input raster cell values to the desired output values and enable linear 
standardization of attributes that exhibit different valuations [8]. 

 
Figure 4. Schematic procedure for spatial implementation of the risk map in commercial software. 
Adapted from [8]. 

As shown in Figure 4, the criteria that influence reaching the objective (landslide risk map) were 
deconstructed into two hierarchical levels. Level 1 criteria (Cn1) are the risk indicators (slope height, 
slope angle, etc.) and level 2 (Cn2) are their respective subclasses. Each criterion in both levels was 
attributed an AHP weight (pn and xn for levels 1 and 2, respectively). 

The spatial performance (ai) of each cell of the mapped area was calculated by multiplying 
indicator weightings by the weighting of the class of the respective indicator, obtaining the risk 
indicator, as demonstrated in Equation (1), where p is the weighting of the risk indicator and x is the 
weighting of the class of the respective risk indicator (subcriterion). 

Figure 4. Schematic procedure for spatial implementation of the risk map in commercial software.
Adapted from [8].

As shown in Figure 4, the criteria that influence reaching the objective (landslide risk map) were
deconstructed into two hierarchical levels. Level 1 criteria (Cn1) are the risk indicators (slope height,
slope angle, etc.) and level 2 (Cn2) are their respective subclasses. Each criterion in both levels was
attributed an AHP weight (pn and xn for levels 1 and 2, respectively).

The spatial performance (ai) of each cell of the mapped area was calculated by multiplying
indicator weightings by the weighting of the class of the respective indicator, obtaining the risk
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indicator, as demonstrated in Equation (1), where p is the weighting of the risk indicator and x is the
weighting of the class of the respective risk indicator (subcriterion).

RI =
n∑

i=1

pixi/100 (1)

The final risk classification was reached using a statistical-based slicing method [9], denominated
here as degree of risk (DR). According to this procedure, the risk indicator for each pixel should be
compared to the arithmetic mean (µIR) of the risk index for all pixels, added or subtracted by half the
standard deviation (σ), as shown in Table 1.

Table 1. Criteria adopted to classify degree of risk (DR). Modified from Faria (2011).

Risk Index (RI) (DR)

RI < µRI −
1
2σ Low

µRI −
1
2σ ≤ RI ≤ µRI +

1
2σ Medium

RI > µIRI +
1
2σ High

2.3. Site Description

The study area in this work is a settlement of informal origin, located at an urban hill between the
Rocas and Praia do Meio neighborhoods, in the city of Natal, Rio Grande do Norte state, Brazil (Figure 5).
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Figure 5. Aerial photograph of the São José do Jacó Community, with main streets highlighted.

The city of Natal was built in an area characterized by dune fields formed by aeolian sediments,
next to the beach line—coastal trays entering the continent. The urban fabric of Natal area is,
almost entirely, atop the coastal trays, which, in geological terms, correspond to the Barreiras Formation
and Potengi Formation, lithological units formed by sediments of tertiary and quaternary age, in which
layers of clay sands, pure sands, and silty sands are interspersed. There are also occurrences of
conglomeratic layers and other strongly cemented layers.

The analyzed sector involves a 3.18 ha area and approximately 240 homes and 600 residents,
according to data from the 2010 Brazil Demographic Census. The municipal macro zoning plan locates
the region in a densified area and it is considered a Special Area of Social Interest Type 1—Slum [16].
Around half of the area of Rocas lies on a predominately a flat terrain, with an altitude of 5 m above sea
level (a.s.l.), with few points where the altitude exceeds 15 m a.s.l. The highest elevations, in the limit
region between Rocas and Praia do Meio, are occupied by the São José do Jacó Community, where the
altitudes vary between 7m and 37m a.s.l. and the slopes between 10◦ and 20◦.
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The region under study has a history of slope instability. In June 2014, part of the 13m high
retaining structure failed and collapsed after around 50 h of steady rain, totaling 315 mm. The cause of
the failure is primarily associated to the lack of an efficient drainage system in the structure. Figure 6
shows photographs of the collapsed retaining structure in the community of São José do Jacó.
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In addition to this large disaster, evidence of the movement in the form of tilted trees, retaining
structures and the facades of dwellings, denotes the presence of creep in full development in the
community of São José do Jacó.

3. Results and Discussion

3.1. Weightings Obtained by the AHP Method

Table 2 shows pairwise comparisons, expressed by the weightings obtained for the risk indicators
and their classes. These weightings represent the order of importance of each risk indicator in the
occurrence of landslides processes on the urban slope occupied in the study area. Table 3 shows a
summary of the sensitivity analysis for the risk indicator matrix.

Table 2. Weightings obtained for the risk indicators and their classes.

Risk Indicators Weights (%) Classes Weights (%)

Slope height 3.21%
H ≤ 10 m 8.82%

10 m < H < 20 m 24.31%
H ≥ 20 m 66.87%

Slope angle 5.79%
A ≤ 10◦ 8.33%

10◦ < A < 20◦ 19.32%
A ≥ 20◦ 72.35%

Plant morphology 2.11%
Convex 12.01%

Rectilinear 13.43%
Concave 74.56%

Profile morphology 2.15%
Convex 20.00%

Rectilinear 20.00%
Concave 60.00%

Land use/cover 8.63%

Arboreal 6.38%
Field/crop 6.71%

Urban cover 30.77%
Exposed soil 56.15%

Presence of surface water 2.22%
None/Low concentration 10.62%
Medium concentration 26.05%

High concentration/Seepage line visible 63.33%
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Table 2. Cont.

Risk Indicators Weights (%) Classes Weights (%)

Water emergence in the hillside profile 11.69%
Observed 87.50%

Not observed 12.50%

Instability features 19.90%
Observed 87.50%

Not observed 12.50%

Substrate material 11.51%

Coastal plant eolian deposits 7.39%
Coastal non-plant eolian deposits 46.56%

Sandy and sandy-clay deposits 19.58%
Fluvial-marine deposits 14.42%

Barrier group 12.06%

Geological structure 12.16%
Favorable to stability 8.82%

Unfavorable 66.87%
Not observed 24.31%

Demographic density 20.64%

Inhabited area 4.17%
0 inhab/ha < (DEN) ≤ 50 inhab/hectare 13.30%

50 inhab/ha < (DEN) ≤ 300 inhab/hectare 26.76%
(DEN) > 300 inhab/hectare 55.77%

Table 3. Sensitivity analysis of reciprocal matrix risk indicators.

Sensitivity Analysis

Matrix order 11.00
λmax

1 12.09
CI 2 0.1086
CR 3 7.10%

1 λmax: Maximum eigenvalue; 2 CI: Consistency Index; 3 CR: Consistency Ratio.

The Consistency Ratio (CR) was less than 10% for the risk indicator matrix, as recommended by the
AHP methodology. This value indicates an acceptable consistency level in the comparisons performed.

Two other indications of reliability in the specialists’ judgements are a CI near zero and λmax value
near the order of the comparison matrix. The latter derives from the corollary adopted in the AHP
method developed by [17] and considers that a reciprocal matrix A, with positive input values only
consistent if λmax = n.

3.2. Risk Mapping

Given the two elements essential to risk formulation—the hazard and the vulnerability—distinct
products were created for each of these elements and combined following the national and international
trend to produce the risk map. Figure 7 illustrates the process of obtaining intermediate maps and the
risk map.

3.2.1. Hazard Map

The hazard map created using the AHP method (Figure 8) showed that most of the study area
(48%) lies in a high-hazard zone for the occurrence of landslides, 45.3% is in the low-hazard category,
and only 6.7% is considered a medium hazard.

To establish a correlation between spatialization of the hazard classes obtained for the slope and
each of the indicators assessed, the contribution of the natural physical traits of the area was analyzed
separately from contributions of anthropic factors using a susceptibility map (Figure 9).

Of the six parameters used to create the susceptibility map (slope height, slope angle, plant and
profile morphology, substrate material, and geological structure), the slope angle was the factor that
influenced spatialization the most, primarily due to the weighting attributed to it by the AHP method.
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The analysis of the contribution of anthropogenic factors (land use/cover, presence of surface
water, water emergence on the hillside profile, and instability features) shows that the presence of
instability features governed the spatial arrangement of hazard classes, raising it to the “high” category
in areas where scars were observed—i.e., signs of previous slope failure were visible.

Comparison between the results of the susceptibility and hazard maps, in which anthropic action
was included, revealed that if only the natural physical traits were analyzed, the study area would not
be highly susceptible to landslides. However, anthropogenic use and occupation of the slope is the
main factor that poses hazard to the resident population, making it hazardous for human occupation.
Thus, since the region under study is an occupied slope, it is important that public entities monitor it
in order to prevent loss of life and property.
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3.2.2. Vulnerability Map

The vulnerability map produced by a procedure similar to that described for risk is presented in
Figure 10. A large part of the study area exhibited medium (50.97%) to high (32.01%) vulnerability,
generally associated with a significant number of residential plots occupied by substandard housing
and high population density, located on sloping terrain that would require more appropriate building
techniques, and more space between residences.
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Despite the fact that the financial status of the population that inhabit the study area was not
considered in the weighting attribution phase of the AHP method, it is important to include it in
vulnerability analysis, given that this trait affects how residents deal with socioenvironmental disasters
such as landslides. There is a general agreement that households with higher income tend to have
better built homes and are thereby better equipped to withstand extreme natural events.

Based on this hypothesis, assessment of income distribution, obtained from [18] shows that 50%
of the private dwellings in the study area are occupied by low-income families, that is, those earning
up to one-half the minimum monthly wage (≈USD 125.00).

It is important to observe, therefore, that the sector with more disadvantaged families—that is,
in poverty or extreme poverty—contains the highest demographic density (more than 300 inhabitants
per hectare). In addition to having greater difficulty in evacuating the population in the event of a
disaster in this region, the inhabitants are also more vulnerable due to the infrastructure characteristics
of their dwellings and the surrounding area.

3.2.3. Risk Map

The final element of the mapping process is illustrated in Figure 11.
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Figure 11. Risk map of the study area.

Risk mapping shows that the area exhibits a degree of slope instability risk ranging from low to
high. The low-risk category accounted for 46% of the total area, followed by the high-risk (41%) and
medium-risk groups (13%), which represents about 600 people under risk of landslides in an area of
approximately 3.2 ha.

In general, the low-risk areas were concentrated mainly on Altamira Street and the first portion
of Desembargador Lins Bahia Street (Figure 12), and exhibited geomorphological conditions that
display low landslide potential, with a slope height below 20 m, low slope angle (less than 10◦),
convex/divergent plant morphology, and rectilinear and/or convex profile morphology.

With respect to the contribution of anthropic interferences in these areas, there is an absence or
reduction in instability, no water on the slope surface or emergence points along the slope profile,
which may be related to the existence, albeit incipient, of sewer, water supply, and rainwater drainage
systems. In addition, these lower risk areas are characterized by low and medium vulnerability, due to
a lower demographic density and households with higher incomes when compared to medium or
high-risk regions, which exhibit a direct relation with better infrastructure and consequently with the
response to a landslide.
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In the slope regions classified as medium risk, the greatest contribution to obtaining this degree
was the type of anthropic interference on the slope and the influence of vulnerability. The unfavorable
contribution of human interventions in the area is evident on Desembargador Lins Bahia Street,
where the risk of landslides rose from low to high (Figure 13a) due to the rupture of a retaining
structure, which caused the emergence of instability features, which are extremely important in the
analysis of hazard and risk.
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Figure 13. Unfavorable contribution of human interventions in the area near the containment curtain
in obtaining medium risk: (a) portion of Lins Bahia Street with high risk; (b) houses affected by the
ruptured containment structure.

In high-risk areas, nearly 50% of the region analyzed, the geological conditions exhibited a greater
potential of developing landslides, with slope height values between 10 and 20 m and higher than
20 m, a high slope angle (more than 20◦), predominantly convergent plant morphology, concave slope
profile, and areas with little or no plant cover and even impermeable surfaces. In relation to the
anthropic interventions on the slope, field visits revealed a large number of haphazard cuts. These cuts
were made to allow construction of access roads to dwellings located at the top, foot, and slope of the
hillside. Figure 14 illustrates this situation.
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Figure 14. Construction of homes halfway up the slope.

Human action in the area is also reflected in the disposal of waste and rubble on the slope
(Figure 15). According to [19], these materials are heterogeneous and geotechnically quite unstable.
Waste deposition increases the weight on the slope and contributes to the triggering of landslides.
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Figure 15. Waste and rubble deposition on the hillside within the site area.

Leaks in water supply and sewer pipes were also observed within the site area (Figure 16a,b).
Furthermore, despite the installation of a sanitary sewer in 2014, many residents of high-risk areas
continue to use septic tanks and sinkholes as a sewer system.

Since sinkholes can serve as points of water concentration [20], the more numerous and closer
together they are, the greater the risk of landslides they pose to the nearest dwellings. Finally,
the presence of significant signs of instability, as illustrated in Figure 17a,b, including vertical,
horizontal and diagonal cracks in floors and/or masonry, and the inclination of rigid structures, such as
retaining walls, large trees, fences, posts and sinking floors, were determining factors for the high-risk
classification in some sectors of Jacó.
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Figure 17. (a) Cracks in the floors; (b) Vertical, horizontal, and diagonal cracks in the masonry of
residences in the study area.4. Discussion and Conclusions.

This study aimed to assess and map the risk of landslides in an inhabited urban slope in the
municipality of Natal, Rio Grande do Norte state, Brazil, applying an adapted version of Faria’s (2011)
qualitative-quantitative risk analysis methodology. This methodological proposal incorporated the
AHP decision-making tool into a qualitative method of risk analysis.

Mapping the risk of landslides is an essential tool for the definition of land use and occupation
policies in urban areas (e.g., [21]). The methodology applied in this study falls well within the range
of available techniques used for susceptibility and hazard mapping of landslides [22]. Based on the
classification of mapping techniques into qualitative, semi-quantitative and qualitative—where the
qualitative techniques are supported by geomorphic analysis and the analysis of landslide inventory
that occurred in the studied region while, on the other hand, semi-quantitative techniques are based
on multicriteria decision analysis, and the quantitative techniques include statistical and probabilistic
analysis, a deterministic approach, and artificial intelligence—the method used in this study can be
classified as semi-quantitative.

Regardless of the method used, the inference of risk of landslides can only be made from knowledge
of the types and mechanisms acting in the area. In this sense, Ref. [23], based on a recommendation
from the Joint Technical Committee on Landslides and Engineered Slopes (JTC-1), highlighted that in
the risk mapping the landslide inventory map is essential. On the other hand, there are situations in
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which there are no files with a record of landslide occurrences, or these records are not reliable where
expert evaluations can be used [22].

In the present work, although an inventory map has not been presented, the typology and
instability mechanisms have been interpreted from the Civil Defense database in Natal and from
the experience reported in previous works developed in the region [4,24–27]. These aspects were
considered in the risk map using the presence of instability features indicator. This approach justified
the consultation with specialists to establish the weights attributed to the socioenvironmental indicators
which, in turn, suggested an acceptable consistency level in the performed comparisons as well as
coherence in the order of importance obtained for the attributes and their subclasses, when comparing
the research data with information extracted in field visits.

Favorable results in using the combination of GIS and AHP method in terms of mapping areas of
susceptibility, hazard, and/or risk were obtained by [8,28,29]. Ref. [8] emphasize that although this type
of methodology is considered subjective, the fact that it allows the incorporation of experts’ opinions
through the attribution of weights to socioenvironmental indicators and adopts a sensitivity analysis
to assess the assigned weights has led to reliable results, from larger work scales at the local level,
to small mapping scales at the national level.

The risk map obtained by applying an adapted version of [9] demonstrated that the study area
exhibits a high degree of slope instability risk in approximately half of the São José do Jacó settlement.
This region showed the existence of a number of factors that increase the possibility of landslides,
including anthropic interventions in the area, the presence of significant instability features, and a
considerable number of residential plots occupied by substandard housing, in addition to a high
population density.

This analysis demonstrated that the geomorphological, geological, and geotechnical constraints
were less relevant for spatializing risk in the community of São José do Jacó, and that the most important
contribution for the occurrence of landslides in the area is the anthropic interference on the slope and
the influence of demographic density, a socioenvironmental indicator representative of the elements
at risk.

Bearing in mind that the wider study area is relatively densely populated, and in order to prevent
loss of life and material damage, civil engineers, land planners, and environmental managers can use
the results of this study to pinpoint the risk areas as well as monitor the most critical indicators in the
long term. This monitoring program, coupled with an adequate maintenance program for the existing
infrastructure and control of any new built infrastructure, can contribute towards the sustainability of
the infrastructure, environment, and of the community inhabiting it.

The comparison between the four studies conducted in the São José do Jacó settlement indicated a
critical risk situation for the local population, primarily in the form of landslides, causing possible
economic, environmental and above all, social harm. The three other studies that investigated the
area [30–32] showed similar results, underscoring the area between Desembargador Lins Bahia and
CGU Streets as high-risk for the occurrence of landslides.

The observation of consistent similarities between the results of this work and the other mappings
already carried out in the study area, as well as the comparison of the mapping result with the data and
information obtained from the field visits, were important to validate the acceptability and accuracy of
the results achieved by applying the qualitative and quantitative model of [9], which means that a
similar approach can be used in the other occupied urban slopes in the city of Natal, or in regions with
physical and social characteristics similar to those observed in the study area.

Ref. [21] reviewed 768 scientific articles produced between 1999 and 2018, whose main theme
involved the mapping of susceptibility, hazard or risk of landslides, in order to observe, in addition to
other aspects, trends in the type of model used in these analyses. Among the several commonly used
model types, the AHP method has shown a growth trend in its use over the past 20 years.

Despite the clarity and validation of the results of this study, as well as the flexibility of the model,
Ref. [33] points out an important limitation of the method, linked to the inability to determine the
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uncertainties related to the selection, comparison, and ranking of the multiple criteria analyzed by
the experts. Thus, in an attempt to mitigate this limitation, future work should focus on combining
the AHP method with another technique, creating integrated models that preserve and integrate the
advantages of the models that have been combined.
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