
 

 
https://rbgeomorfologia.org.br/ 

ISSN 2236-5664 

 

Revista Brasileira de Geomorfologia 
 

v. 23, nº 2 (2022) 

 

http://dx.doi.org/10.20502/rbg.v23i2.2084 
 

 

Revista Brasileira de Geomorfologia. 2022, v.23, n.2; (Abr-Jun) DOI: 10.20502/rbg.v23i2.2084                   https://rbgeomorfologia.org.br/rbg/ 

Artigo de Pesquisa 

  Model-based assessment of shallow landslides 

susceptibility at a petrochemical site in Brazil 

Análise da suscetibilidade a escorregamentos por meio de modelos de base 

física em área petroquímica no Brasil 

Victor Carvalho Cabral1, Fábio Augusto Gomes Vieira Reis2, Carolina Martinez Mendoza3, Alan de Oliveira4 

1 Universidade Estadual Paulista - UNESP, Departamento de Geologia Aplicada, Rio Claro, Brasil. E-mail: 

victor.carvalho@unesp.br 

 ORCID: https://orcid.org/0000-0002-9910-0508 
2 Universidade Estadual Paulista - UNESP, Departamento de Geologia Aplicada, Rio Claro, Brasil. E-mail: 

fabio.reis@unesp.br 

ORCID: https://orcid.org/ 0000-0003-3918-6861 
3 Universidad del Norte, Departament of Physics and Geosciences, Barranquilla, Colômbia. E-mail: 

martinezcarolina@uninorte.edu.co 

ORCID: https://orcid.org/0000-0002-5861-5062 
4 Universidade Estadual Paulista - UNESP, Departamento de Geologia Aplicada, Rio Claro, Brasil. E-mail: 

alan.oliveira@unesp.br 

Recebido: 20/01/2021; Aceito: 01/06/2021; Publicado: 06/04/2022 

Resumo: A região da Serra do Mar é altamente suscetível ao desencadeamento de escorregamentos translacionais rasos devido 

ao seu clima e relevo. A aplicação de modelos de bases físicas é um método objetivo de caracterizar a suscetibilidade a 

escorregamentos, sendo de grande importância em estudos e avaliações de perigo e risco. O objetivo desse estudo é a 

comparação entre cenários de suscetibilidade a escorregamentos utilizando os modelos SHALSTAB e SINMAP em duas bacias 

hidrográficas (Mogi e Perequê) em Cubatão, maior polo petroquímico da América Latina. A calibração dos modelos é baseada 

no inventário de cicatrizes de escorregamento do evento de 1985, enquanto que os parâmetros topográficos são baseados no 

modelo digital de elevação (MDE) e os parâmetros geotécnicos obtidos a partir de amostras de solo. Por meio da análise 

Receiver Operating Characteristics (ROC) na comparação dos modelos, os resultados indicam que o SHALSTAB é o modelo que 

melhor se aplica à região de estudo em escala regional, uma vez que apresenta maior concentração de cicatrizes em áreas 

potencialmente instáveis (resultados verdadeiros positivos) e maior acurácia. Embora SINMAP apresente resultados com grau 

semelhante de sucesso, o modelo é menos acurado e falha com maior frequência na identificação de áreas potencialmente 

instáveis. 

Palavras-chave: Serra do Mar; SINMAP; SHALSTAB. 

Abstract : The Serra do Mar mountain range is the main site of shallow-landslides occurrence in Brazil. The application of 

physically-based models is an effective method to predict landslide susceptibility, which is of great importance in hazard 

assessments and urban-planning studies. Thus, the objective of this study is to compare landslide susceptibility scenarios 

created with SHALSTAB and SINMAP at two large watersheds (Mogi and Perequê) in Cubatão, Latin America’s largest 

petrochemical site. Model calibration is based on the landslide scars inventory of the 1985 event, the geotechnical parameters 

derived from soil samples and the topography sourced from a 5 m resolution DEM. Using the Receiver Operating 

Characteristics (ROC) analysis to assess model performance, SHALSTAB emerges as the best-fit model for both watersheds 

due to higher concentration of landslide scars in unstable areas (true positive results) and higher global accuracy. Even though 

SINMAP had similar degree of success, it was slightly less accurate and failed more often in the identification of potentially 
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unstable areas. Comparative performance studies of physically-based models are fundamental to support effective and reliable 

hazard assessments in mountain regions, providing an outlook in how to proceed with more detailed studies. 

Keywords : Serra do Mar; SINMAP; SHALSTAB. 

 

1. Introduction 

Gravitational mass movements are part of the natural evolution of the landform and can represent great 

hazard to humans in mountain regions (GUIDICINI e NIEBLE, 1984). While there have been several advances in 

hazard and susceptibility assessment of mass-movement-prone areas (e.g., GIS tools application), climate change, 

increasing deforestation and urbanization contribute to the intensification of the frequency and risk of these 

phenomena (SCHUSTER, 1996; DIETRICH et al., 1998; GOETZ et al., 2011). Among the different mass-movement 

types, shallow landslides triggered by rainfall are one the most costly and dangerous natural hazards (PETLEY, 

2012; KOBYIAMA et al., 2015), and the potential increase in the occurrence of extreme precipitation events due to 

climate change is of great concern globally (AHERN et al., 2005; KNAPP et al., 2008; HALLEGATTE et al., 2013 

WESTRA et al., 2014). 

The Serra do Mar mountain range, with steep slopes (averaging 30º to 35º) and high rainfall rates, is the main 

site of shallow landslides events in Brazil (IPT, 1986; TATIZANA et al., 1987). The mountain range extends for about 

1,500 km in the Brazilian southern and southeastern coast (VIEIRA; GRAMANI, 2015), with several municipalities 

and infrastructures located on and at the foot of the hillslopes. Cubatão (State of São Paulo), the largest 

petrochemical site in Latin America, is an example of a city that developed immediate to Serra do Mar, periodically 

experiencing losses due to mass-wasting processes. The regional landslide event of February 1994 is a prime 

example, affecting an oil refinery and causing more than U$40 million in damages (LOPES et al., 2007).  

One of the greatest challenges in hazard assessment of landslide-prone regions is to predict the initiation area 

of these phenomena, which can avoid and mitigate social and economic losses (MONTGOMERY; DIETRICH, 1994; 

PACK et al., 1998). Physically-based models were developed to describe shallow landslides susceptibility in 

mountain regions through the direct application of physical equations, predicting landslide initiation under 

different geotechnical and climate scenarios (BAUM et al., 2002). By coupling hydrological and slope stability 

models to identify areas that are prone to triggering landslides, these models can provide important insights that 

can support urban planning and hazard assessment studies (GUZZETTI et al., 1999; VAN WESTEN, 2004; BEL et 

al., 2016).  

TRIGRS (Transient Rainfall Infiltration and Grid-Based Regional Slope Stability model; BAUM et al., 2002), SINMAP 

(Stability Index Mapping; PACK et al., 1998), and SHALSTAB (Shallow Landslide Stability model; MONTGOMERY; 

DIETRICH, 1994) are the most commonly used models in landslide susceptibility assessments. These models 

exhibit different complexity levels and their output quality are strongly dependent on the input geotechnical and 

topographic parameters (ZIZIOLI et al., 2013), with most studies applied at slope scale or at <10 km2 watersheds, 

where higher control on data quality is possible (e.g., MORRISSEY et al., 2001; RAFAELLI et al., 2001; CLAESSENS 

et al., 2005; GODT et al., 2008; LIU e WU, 2008; CAPARELLI; VERSACE, 2011; GOETZ et al., 2011; NIKOLOPOULOS 

et al., 2015; WU et al., 2015; ALVIOLI; BAUM, 2016; GIANNECCHINI et al., 2016, THIEBES et al., 2016; LIU et al., 

2016; SIMÕES et al., 2016; PRIETO et al., 2017; AFFANDANI; KUSRATMOKO, 2019; KÖNIG et al., 2019; AVILA et 

al., 2020). 

These models have also been successfully applied in slope stability studies at Serra do Mar (e.g., FERNANDES 

et al., 2001; GUIMARÃES et al., 2003; GOMES, 2006; GUIMARÃES et al., 2009; REGINATO et al., 2013; MICHEL et 

al., 2014; NERY e VIEIRA, 2015; SBROGLIA et al., 2016; ROSOLEM et al., 2017; CARDOZO et al., 2018; VIEIRA et 
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al., 2018; CABRAL; REIS, 2020), with SHALSTAB and SINMAP arguably the most commonly used. Both 

SHALSTAB and SINMAP have similar physical principles (hydrological model combined with a Mohr-Coulomb-

based infinite-slope model), though SHALSTAB, deterministic, is generally recommended for localized slopes and 

small watersheds (MONTGOMERY; DIETRICH, 1994; DIETRICH et al., 2001) and SINMAP, stochastic, for regional 

scale studies (PACK et al., 1998; LOPES et al., 2007). 

Even though the application of physically-based models has been extensively covered in the literature, 

comparative performance studies are less common and few of them focus on large watersheds. Thus, the objective 

of this study is to compare landslide susceptibility scenarios created using SHALSTAB and SINMAP in the Perequê 

and Mogi watersheds, two large basins (>30 km2) in Cubatão (State of São Paulo), to identify the most representative 

of the chosen area. The research contributes to the identification of the factors that influence slope stability at Serra 

do Mar, as well as to the reliability of future hazard assessment studies using physically-based models. 

2. Study area  

Figure 1 shows the location of the watersheds Perequê and Mogi. The watersheds have a combined area of 

86.9 km2, with elevations that range from 10 m to 1,060 m in the larger Mogi (56.8 km2) and 10 m to 900 m in the 

Perequê (30.1 km2). Mogi and Perequê are within the geomorphological context of the Serra do Mar mountain 

range, a set of festooned escarpments with one face declining abruptly towards the Atlantic Ocean and the opposite 

declining gently inland (SELUCHI et al., 2010, VIEIRA; GRAMANI, 2015). 

 
Figure 1. Location of the watersheds Mogi and Perequê in Cubatão, State of São Paulo, Brazil. Orthorectified aerial 

photograph from 2011, at a 1:400 scale, provided by the Metropolitan Planning Company of the State of São Paulo 

(EMPLASA). 
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The watersheds are characterized by mid to high gradients (averaging 65% or 33º) and the geology is mainly 

comprised of Archean/Proterozoic metamorphic (gneiss) and magmatic (granitoid) rocks, which combined with 

the physiographic characteristics results in thin (up to 3-4 m deep) residual soil (WOLLE; CARVALHO, 1994; 

VIEIRA et al., 2015). Bedrock also impacts the soil’s physical and hydrological properties, controlling the type and 

frequency of landslides (VAN ASCH et al., 1999). Shallow landslides predominate at the study area and the soil 

generally exhibits a high sand concentration, with cohesion ranging from 0 kPa to 6 kPa and saturated hydraulic 

conductivity (Ks) from 10-6 m s-1 to 10-4 m s-1 (WOLLE; CARVALHO, 1994). Figure 2 shows the 1:50,000 geological 

map of the study region, adapted from the Institute for Technological Research - IPT (1986). 

 

Figure 2. Geological map of the study area, based on the mapping made by the Institute of Technological Research – 

IPT (1986) at a 1:50,000 scale. Location of soil samples used in this study are obtained from Wolle and Carvalho (1989). 
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The region is characterized by a subtropical-humid climate (Cfa – Köppen classification), with temperatures 

that vary from 17º to 36º during the year (LOPES et al., 2007). The average annual rainfall index in Cubatão can 

surpass 3,300 mm, reaching up to more than 4,000 mm in some years (KANJI et al., 2007). The South Atlantic 

Convergence Zone associated with blocking systems over the Atlantic Ocean often creates a situation prone to 

landslide-triggering in Serra do Mar, with convective rainfall enhanced due to orographic effect the most common 

landslide-triggering type (VERA et al., 2006). Due to heavy and extreme rainfall events, several major catastrophic 

landslide events have been recorded throughout Cubatão history (MASSAD et al., 1997; 2000; WOLLE; 

CARVALHO, 1989). 

In this study, the 1985 regional landslide event is chosen to calibrate and assess modeling results, due to its 

great proportions and wide spatial distribution across both Perequê and Mogi (Fig. 3). According to rain gauge 

data from the Water Resource Management System of the Department of Water and Energy of the State of São 

Paulo (DAEE), the event was triggered by a 265 mm rainfall in 24-h (between the 23rd and 24th of January), causing 

an industrial pipe containing ammonia to break in Mogi’s sub-catchment ‘Copebrás’ and, consequently, resulting 

in great environmental damage (MASSAD et al., 2000; LOPES et al., 2007; KANJI et al., 2007). The production and 

storage of chemical and highly flammable products within the watersheds’ limits (especially in Perequê, where an 

oil refinery is located) pose considerable financial, social and environmental hazard. 

 

Figure 3. Shallow landslides of the 1985 event in Cubatão. Pictures from IPT (1986). 

3. Material and Methods 

3.1. The Models  

The Factor of Safety (FS) is the most commonly applied method in slope stability analysis, especially in shallow 

landslide susceptibility studies (WOLLE; CARVALHO, 1994; LIU; WU, 2008). SHALSTAB and SINMAP are based 

on the coupling of an infinite-slope and a hydrology model to calculate FS, as extensively covered in the literature 

(e.g., MONTGOMERY; DIETRICH, 1994; PACK et al., 1998, among others). The infinite-slope model is based on 

the Mohr-Coulomb Law, which dictates that in the moment of slope failure, shear forces (τ) are superior to shear-

resistant forces, such as soil cohesion (c) and internal friction angles (φ), due to Normal Stress (σ) in the rupture 

surface (Eq. 1). μ is soil’s pore-pressure that opposes the Normal. 

𝝉 = 𝒄 + (𝝈 − 𝝁) ∗  𝒕𝒂𝒏𝝋 (1) 
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The steady-state subsurface flow, described in TOPOMODEL (BEVEN; KIRKBY, 1979) and TOPOG 

(O’LOUGHLIN, 1986), is the most often used hydrological concept in slope stability modeling. The hydrological 

model adopts a uniform recharge that simulates the spatial variation of the water table during precipitation, where 

Wetness (W) is given by the ratio between precipitation (q) and soil’s transmissivity (T) (O’LOUGHLIN, 1986). Eq. 

2 shows the steady-state hydrological model, where a is drained area (m2), b is contour length element (m), θ is 

mean slope (º, degrees), h is water level (m) and z is soil depth (m). Eq. 3 shows the transmissivity calculation, 

where Ks is the saturated hydraulic conductivity (m s-1). 

𝑾 =
𝒒 ∗ 𝒂

𝒃 ∗ 𝑻 ∗ 𝒔𝒊𝒏𝜽
 =  

𝒉

𝒛
 (2) 

𝑻 =  𝑲𝒔 ∗ 𝒛 ∗ 𝐜𝐨𝐬𝜽 (3) 

SINMAP, based on the FS, calculates the probability of a location to be stable, assuming uniform distribution 

of the input parameters across the study area over an admitted “uncertainty range” (PACK et al., 1998). A more 

detailed description of the model and its governing equations can be found on Pack et al. (1998) and the final 

formulation of SINMAP is shown in Eq. 4: 

𝑭𝑺 =  
𝑪 + 𝐜𝐨𝐬𝜽 [𝟏 − 𝐦𝐢𝐧 (

𝒒
𝑻𝐬𝐢𝐧𝜽

) 𝒓, 𝟏]  𝐭𝐚𝐧𝝋

𝐬𝐢𝐧𝜽
 (4) 

𝑪 =  
𝑪𝒔 + 𝑪𝒓

𝒛 ∗ 𝝆𝒔 ∗ 𝒈
 (5) 

Where C is the dimensionless cohesion, q is the effective rainfall (m2 h-1), T is soil transmissivity (m2 h-1), θ is the 

slope angle (º, degrees), φ is the internal friction angle of the soil (º, degrees) and r is the water to soil density ratio 

(w/s). C (Eq. 5) is based on soil cohesion (Cs, N m-2), soil density (𝝆s, kg m-3) and soil depth (z, m), as well as a 

standard gravity (g, m s-2) - assumed in this study as 9.81 m s-2. Root cohesion (Cr) is challenging to estimate and is 

excluded from calculation (set as 0), as suggested by Montgomery and Dietrich (1994) and Meisina and Scarabelli 

(2007).  

SINMAP classifies the study area according to six different Stability Index (SI) classes: Stable, Moderately 

Stable, Quasi Stable, Lower Threshold, Upper Threshold and Unconditionally Unstable (Table 1). The first three 

classes have FS > 1, indicating that these areas should not fail with the most conservative parameters in the specified 

range (PACK et al., 1998). For the Lower and Upper Thresholds, FS is lower than 1 and the probability of failure is, 

respectively, lower and greater than 50 %. For the last stability class, the probability of failure in the specified range 

is > 90%. 

SHALSTAB assumes that the local topography is the main controlling factor in shallow landslide occurrence 

and calculates the critical steady-state rainfall needed for triggering slope failures in the landform, based on the 

ratio of effective rainfall to soil transmissivity (q/T) (MONTGOMERY; DIETRICH, 1994). A more detailed 

description of the model and its governing equations is presented in Montgomery and Dietrich (1994), with Eq. 6 

showing the final formulation of SHALSTAB:  

𝒒

𝑻
   =     

𝒃

𝒂
 ∗    𝒔𝒊𝒏𝜽  {(

𝝆𝒔

𝝆𝒘
) ∗ (𝟏 − 

𝒕𝒂𝒏𝜽

𝒕𝒂𝒏𝝓
) + (

𝒄

 𝝆𝒘 ∗ 𝒈 ∗ 𝒛 ∗ 𝒄𝒐𝒔𝟐𝜽 ∗ 𝒕𝒂𝒏𝝓
)} (6) 

Where q is the critical rainfall required to initiate slope failure (m), T is soil Transmissivity (m2 day-1), a is upslope 

contributing area (m2), b is the contour length (m), C is soil cohesion (Pa), θ is slope angle (º, degrees), w is water 

density (kN m-3), s soil density (kN m-3), g is gravitational acceleration (m s-2), z is soil thickness (m) and φ is internal 

friction angle of the soil (º, degrees). 

SHALSTAB classifies the analyzed area into seven stability classes, as shown in Table 2. Lower Log q/T values 

indicate a greater tendency for instability and higher values a greater chance of stability, encompassing also areas 
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where slope instability should occur even under dry conditions (Chronically unstable) and areas that are stable 

even under rainfall rates of >1,000 mm day-1 (Stable). 

Table 1. SINMAP Stability classes, after Pack et al. (1998). 

Stability 

Index 

Stability 

Classes 
Parameter range 

Possible influence of factors not 

modeled 

> 1.5 
Stable Instability range not modelled 

Significant destabilizing factors are 

required for instability 

1.5 to 1.25 
Quasi-stable Instability range not modelled 

Moderate destabilizing factors are 

required for instability 

1.25 to 1.0 

Moderately 

stable 
Instability range not modelled 

Minor destabilizing factors could 

lead to instability 

1.0 to 0.5 

Lower 

threshold 

Pessimistic half of range 

necessary for instability 

Destabilizing factors are not 

required for instability 

0.5 to 0 

Upper 

threshold 

Optimistic half of range 

necessary for stability 

Stabilizing factor may be 

responsible for instability 

< 0 Defended Range cannot model stability 
Stabilizing factors are required for 

stability 

 

Table 2. SHALSTAB Stability classes, according to Montgomery and Dietrich (1994). 

Log intervals (q/T) Stability classes 

Stable Unconditionally stable and saturated 

> -2.2 Unconditionally stable and non-saturated 

-2.5 to -2.2 Stable and non-saturated 

-2.8 to -2.5 Unstable and non-saturated 

-3.1 to -2.8 Unstable and saturated 

< -3.1 Unconditionally unstable and non-saturated 

Chronically unstable Unconditionally unstable and saturated 

Subsurface hydrologic boundaries parallel to surface, uniform soil thickness and hydraulic conductivity and 

steady-state subsurface flow are common assumptions used in both SINMAP and SHALSTAB (ZIZIOLI et al., 2013). 

3.2. Landform and Rainfall Database 

The digital elevation model (DEM) is essential in SINMAP and SHALSTAB application, sourcing topographic 

parameters required for landslide modeling, such as the variables a, b and θ (GUIMARÃES et al., 2003). DEM 

resolution, therefore, must be as representative as possible of the topography, considering the scale of the study 

and the available data (DIETRICH et al., 2001; CLAESSENS et al., 2005). A 5 m resolution DEM is adopted, based 

on a 1:10,000 topographic map provided by the Geographic and Cartographic Institute of the State of São Paulo – 

IGC (Fig. 4). The DEM was created using the Topo to Raster tool of ArcGIS 10.1. 

The landslide scars inventory used in performance assessment was based on black and white stereoscopic 

aerial photographs from April 1985, also provided by IGC at a 1:25,000 scale. 1,679 landslide scars were mapped in 

the two watersheds (Figure 4), with an average area of ca. 338 m2. 1,199 out of the 1,679 landslides scars were 
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mapped in the Mogi watershed, where the landslides exhibit a larger average area (419 m2) compared to Perequê 

(257 m2). Landslide scars in both watersheds are concentrated in slopes averaging 58% (30º) and at elevations 

between 600 and 750 m. 

The criteria used in landslide scars identification were: lack of vegetation, characteristic morphology 

(elongated, length superior to width) and drainage conditions of hillslopes (SOETERS; VAN WESTEN, 1996; 

MOINE et al., 2010). Only the upper portion of the scars is considered in the inventory created (Fig. 4), since the 

chosen models can only predict the initiation areas of the landslides during simulations and not their paths.  

The rainfall data of the 1985 landslide event was retrieved from the rainfall database of the Department of 

Water and Energy of the State of São Paulo (DAEE), based on five pluviometers around the study area (Fig. 4 and 

Table 3). Between the 23rd and 24th of January, rainfall reached ca. 412 mm in 48-h (more than what is expected for 

the whole month), with a 24-h accumulated index of 265 mm and peak precipitation of 84 mm h-1 (KANJI et al., 

2007). Even though only one of the pluviometers is located at the top of the hillslopes (i.e., rainfall indexes can be 

underestimated on those at the valley), the rainfall event was probably concentrated at the central and northeastern 

part of the Mogi watershed, where there is a higher density of landslide scars (CABRAL et al., 2019). 

Table 3. Consolidated rainfall indices for the 23rd and 24th of January, 1985, compared to summer months average 

(1950-2013). Data retrieved from the pluviometer database of the Department of Water and Energy of the State of São 

Paulo. Avg. = average. 

Rain gauge Name Elevation (m) 
Rainfall indices 

Summer months avg. (mm) Jan 23 (mm) Jan 24 (mm) 

E3-038 Piaçaguera 2 325.6 150 110 

E3-101 Cubatão 2 317.2 136.2 104.3 

E3-144 Morro do Piche 10 302.1 95.1 85.5 

E3-149 Campo Grande 780 323.1 241.5 169.8 

3.3. Geotechnical Parameters 

The input parameters are based on soil samples collected in the study area by the Institute of Technological 

Research (IPT), presented in Wolle and Carvalho (1994). These samples were collected in colluvial soils and 

saprolite from migmatite and gneiss-derived regolith (location in Fig. 2). The colluvial samples were collected at 1-

3 m depth, with a sandy-clayey texture, and the saprolite samples at a 3 - 4 m depth, with a sandy texture (WOLLE; 

CARVALHO, 1989). Soil sample density is low when the dimension of the study area is considered, but due to the 

lack of quantitative information on the physical parameters of the region’s soil and the relative homogeneity of the 

geology (and, consequently, the geotechnical characteristics), these samples are considered representative of the 

central and eastern hillslopes of Cubatão. 

Three different scenarios were considered in simulations: scenario 1 based on the minimum values of the 

colluvial soil tests, scenario 2 based on the average values and scenario 3 based on the maximum values. Only 

colluvial samples are considered since, according to our field investigations, the soil involved in shallow landslides 

are superficial colluvial deposits. Two field campaigns (February and October, 2018) were made at the study area, 

to confirm the lithological and pedological characteristics of the study area, as well to confirm modelling results 

and sample the region’s soil. Our own samples are not used in this study due to technical issues with sampling 

transport, which prohibited triaxial shear tests.  

Even though tests of cohesion and internal friction angle were not possible, our eight (8) samples corroborate 

soil density values and texture from Wolle and Carvalho (1994). The samples were collected at a ca. 1 m (Fig. 5a) 

and 2 m depth in colluvial soils (Fig. 5b) and in areas where landslide scars were present (Fig. 5c and 5d). The 
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density (s) values of our soil samples vary from 12 kN m-3 and 17.55 kN m-3, with a sandy-clayey texture and 

porosity that ranges from 46% to 50%. Sampling locations are indicated in Figure 4. Since the study area is located 

in a State Park (“Parque Estadual da Serra do Mar”), minimal disturbance of the soil and vegetation was made and a 

prior approval from the State’s Environmental Department (Secretaria do Meio Ambiente) was obtained through the 

Instituto Florestal (Processo SMA no. 260108-005.552/2017). 

 

Figure 4. Landslide scars inventory overlayed upon the hypsometric map of the study area. The location of the rain 

gauges used in this study is also indicated, as well as the sampling locations from our field investigations. In detail, 

the aerial photographs that sourced the identification of the landslide scars’ initiation area. 

The input parameters of SHALSTAB and SINMAP are shown, respectively, in table 4 and 5. SINMAP 

considers climate and hydrogeological factors in its input data, via the T/q parameter (soil transmissivity / effective 

rainfall). The effective rainfall, defined here as the total precipitation minus evapotranspiration and infiltration 

(MEISINA; SCARABELLI, 2007), is assumed to be 75% of the total rainfall in 24-h. The saturated hydraulic 

conductivity (Ks) varies from 10-6 m s-1 to 10-4 m s-1 (WOLLE; CARVALHO, 1994). Moreover, differently from 

SHALSTAB, SINMAP does not indicate absolute values that best represent slope stability, but a range at which the 

probability of slope failure is higher.  
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Figure 5. Soil sampling locations. A) Sampling area overview of the regolith exposure at steep slopes in the eastern 

portion of the Mogi watershed (UTM coordinates: X 360315 Y 7368043). B) Detail of the sampling location shown in 

A, a sandy-clayey soil. C) Recent shallow landslide at the hillslopes of the Rio das Pedras Catchment (Perequê 

watershed), comprised of gneiss boulders, woody debris and colluvium (UTM coordinates: X 352031 Y 7360097). D) 

Detail of the regolith above the landslide scar in C, with a sandy-clayey texture and pebble-sized blocks of weathered 

gneiss in the matrix. 

 

Table 4. SHALSTAB parameters, based on Wolle and Carvalho (1989). The samples have a sandy-clayey texture 

and were collected at a depth of 1m (scenarios 1 and 2) and 2 m (scenario 3). UTM coordinates of the approximate 

sampling locations: X 351067 m E, Y 7360078 m S;and X362550 m E, Y 7368625 m S.  

 Parameters 
 Scenarios 

1 2 3 

Cohesion (Pa)  1000 3000 6000 

Soil density (kN m-3)  17.10 15.7 14.3 

Soil depth (m)  1 2 3 

Internal friction angle of soil (º, degrees)  36 34 32 
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Table 5. SINMAP geotechnical parameters, based on soil samples from Wolle and Carvalho (1989) and rainfall data 

from the January 1985 event. 

Parameters 
Scenarios 

1 2 3 

Cohesion (dimensionless) 
min 0.0406 0.992 0.1572 

max 0.0614 0.1250 0.1984 

Internal friction angle of soil (º, degrees) 
min 34 33 32 

max 38 37 36 

Transmissivity (m2 h-1) 
min 0.0036 0.0036 0.0036 

max 1.0800 1.0800 1.0800 

Effective rainfall (m h-1)  0.0083 0.0083 0.0083 

Transmissivity / effective raindfall  (m) 
min 0.43 0.43 0.43 

max 130.12 130.12 130.12 

3.4. Performance Assessment 

The Receiver Operating Characteristic (ROC) analysis is applied in model performance assessment, based on 

Fawcett (2006). This analysis classifies modeling results in four possible outcomes: true positive (TP), when 

landslide scars are observed within unstable cells; false positive (FP), when no landslide scar is observed within 

unstable cells; false negative (FN), when landslide scars are within stable cells; and true negative (TN), when no 

landslide scar is observed within stable cells (Fig. 6a). 

 

 

Figure 6. A) Contingency table with the four possible outcomes when assessing modeling products: true positive 

results (TP), false negatives (FN), false positives (FP) and true negatives (TN). B) Classifiers based on the contingency 

table. C) ROC analysis graph, based on the performance classifiers. Based on Fawcett (2006). 

These outcomes are then used to assess modeling results, via the classifiers ‘true positive rate’ (TPR or 

sensitivity), which is the rate between TP and TP+FN, and ‘false positive rate’ (FPR), which is 1 minus the specificity 

(TN / TN+FP) (Fig. 6b). An ideal susceptibility map simultaneously maximizes the coincidence between landslides 

and predicted unstable areas (high TPR) and minimizes unstable areas outside known and predicted landslides 

(low FPR). 
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The TPR (y-axis) and FPR (x-axis) are then used to create the ROC graph, which depicts the trade-offs between 

success and error (FAWCETT, 2006). Different thresholds of stability were assumed when generating the ROC 

graph, in which scenarios with higher area underneath the curve (AUC) suggest more accurate performance (Fig. 

6c). If a modeling scenario has classifiers beneath the random guess line, it is an indication that it performs worse 

than random guessing (FAWCETT, 2006). 

4. Results 

4.1. SHALSTAB 

SHALSTAB modeling results are presented in table 6. By using the geotechnical parameters of scenario 1, 

39.78% of the Perequê watershed is classified as potentially unstable (areas where log q/T < -2.5), with 79.96% of the 

landslide scars within areas that indicate instability (Fig. 7a). At Mogi, 43.49% of the watershed is classified as 

potentially unstable, with 80.02% of the landslide scars in potentially unstable areas (Fig. 7a). These results indicate 

that when the first set of parameters is used to assess landslide susceptibility, SHALSTAB has an overall high rate 

of true positive results (0.8 for both watersheds) and a medium/low rate of false positive results (0.43 and 0.4 for 

Mogi and Perequê, respectively) (Table 7). 

Using scenario 2 parameters, 36.07% of the Perequê watershed is interpreted by the model as potentially 

unstable, with 74.05% of the landslide scars in areas that indicate instability (Fig. 8a). 40.83% of the Mogi watershed 

area is interpreted as potentially unstable, with 75.85% of the landslide scars in potentially unstable areas (Fig. 8a). 

A high rate of true positive results (0.76 and 0.74 for Mogi and Perequê, respectively) and medium/low false 

positive rate (0.41 and 0.36, respectively) are observed when modelling using the geotechnical parameters of 

scenario 2 (Table 7), similarly to scenario 1. 

When modeling using scenario 3 parameters, 16.49% of Perequê watershed is classified as potentially unstable, 

with 33.12% of the landslides scar in these potentially unstable areas (Fig. 9a). 21.09% of the Mogi watershed is 

classified as potentially unstable, with 42.24% of landslide scars in areas that indicate instability (Fig. 9a). Scenario 

3 results exhibit a medium/low rate of true positive results (0.42 and 0.33 for Mogi and Perequê, respectively) and 

a low rate of false positive results (0.21 and 0.16, respectively) (Table 7). 

Comparing the three different scenarios using the ROC analysis, scenario 1 exhibits an overall higher AUC 

(Fig. 10), indicating that it has a higher global accuracy (0.774 and 0.813 for Mogi and Perequê, respectively) than 

scenario 2 (0.757 and 0.787, respectively) and scenario 3 (0.73 and 0.77, respectively) (Table 9). This outcome 

suggests that scenario 1 parameters best represents slope instability at both watersheds. 

4.2. SINMAP 

Modeling results using SINMAP are presented in Table 8. Using scenario 1 geotechnical parameters, 42.5% of 

the Perequê watershed is classified as potentially unstable (SI < 1), with 75% of the landslide scars in potentially 

unstable areas (Fig. 7b). At Mogi, 36.20% of the watershed is classified as potentially unstable, with 71.20% of the 

landslide scars in areas that indicate instability (Fig. 7b). Scenario 1 exhibits a high rate of true positive results (0.71 

and 0.75 for Mogi and Perequê, respectively) and a low/medium rate of false positive results (0.36 and 0.42, 

respectively) (Table 7). 

Using scenario 2 parameters, 13.4% of the Perequê watershed is interpreted by the model as potentially 

unstable and 25.1% of the landslide scars are within these potentially unstable areas (Fig. 8b). 9.9% of the Mogi 

watershed is classified as potentially unstable, with 25.1% of the landslide scars in unstable classes. These results 
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indicate that scenario 2 has a low rate of true positive results (0.25 for both watersheds), as well as a low rate of 

false positive results (0.1 and 0.13 for Mogi and Perequê, respectively) (Table 7). 

 

Table 6. SHALSTAB statistical summary of modeling results. 

 Watershed Scenario 

Stability Classes 

Stable 2.2 
2.5 to 

2.2 

2.8 to 

2.5 

3.1 to 

2.8 
3.1 

Chronically 

Unstable 

Area (km2) 

Mogi 
1 27.01 1.58 4.19 6.35 5.84 8.55 4.49 

2 27.50 1.89 4.95 7.13 6.21 7.93 2.41 

 3 36.07 3.26 6.43 6.36 3.50 2.33 0.05 

Perequê 
1 12.79 2.40 2.21 2.34 1.79 2.80 4.56 

2 12.93 2.88 2.66 2.72 1.94 2.69 3.07 

  3 15.70 4.80 3.63 2.51 1.11 1.02 0.12 

% Area 

Mogi 
1 46.57 2.72 7.22 10.94 10.07 14.74 7.74 

2 47.41 3.25 8.53 12.30 10.71 13.67 4.15 

 3 62.19 5.62 11.09 10.96 6.03 4.01 0.09 

Perequê 

1 44.25 8.32 7.65 8.11 6.20 9.70 15.77 

2 44.75 9.98 9.21 9.41 6.73 9.32 10.61 

3 54.33 16.61 12.57 8.68 3.85 3.53 0.43 

# Landslides 

Mogi 
1 76 32 103 149 142 234 320 

2 80 43 132 210 151 258 182 

 3 191 137 282 246 106 92 2 

Perequê 

1 37 21 37 35 28 53 263 

2 37 31 55 44 41 71 195 

3 52 135 130 82 31 32 12 

% Landslides 

Mogi 

1 7.20 3.03 9.75 14.11 13.45 22.16 30.30 

2 7.58 4.07 12.50 19.89 14.30 24.43 17.23 

3 18.09 12.97 26.70 23.30 10.04 8.71 0.19 

Perequê 

1 7.81 4.43 7.81 7.38 5.91 11.18 55.49 

2 7.81 6.54 11.60 9.28 8.65 14.98 41.14 

3 10.97 28.48 27.43 17.30 6.54 6.75 2.53 

Density 

(landslides/km2) 

Mogi 

1 2.81 20.28 24.60 23.48 24.31 27.37 71.28 

2 2.91 22.81 26.68 29.44 24.31 32.54 75.61 

3 5.30 42.03 43.84 38.70 30.31 39.56 38.31 

Perequê 

1 2.89 8.73 16.74 14.93 15.63 18.91 57.71 

2 2.86 10.75 20.66 16.18 21.08 26.36 63.59 

3 3.31 28.12 35.79 32.69 27.86 31.37 96.56 
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Figure 7. Stability maps using scenario 1 parameters. A) SHALSTAB. B) SINMAP. 
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Figure 8. Stability maps using scenario 2 parameters. A) SHALSTAB. B) SINMAP. 
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Figure 9. Stability maps using scenario 3 parameters. A) SHALSTAB. B) SINMAP. 
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Table 7.True Positive Rates and False Positive Rates of the three different geotechnical scenarios, according to the 

applied physically-based model. 

Model Scenarios 
Perequê Mogi 

TPR FPR TPR FPR 

SHALSTAB 

1 0.80 0.40 0.80 0.43 

2 0.74 0.36 0.76 0.41 

3 0.33 0.16 0.42 0.21 

SINMAP 

1 0.75 0.42 0.71 0.36 

2 0.25 0.13 0.25 0.10 

3 0.41 0.24 0.50 0.23 

 

When applying scenario 3 parameters, 23.8% of the Perequê watershed is classified as potentially unstable, 

with 40.6% of the landslide scars in potentially unstable areas (Fig. 9b). 23.5% of the Mogi watershed is classified 

as potentially unstable, with 49.9% of the landslide scars in areas that indicate instability (Fig. 9b). Scenario 3 shows 

a medium rate of true positive results (0.5 and 0.4 for Mogi and Perequê, respectively) and a low rate of false 

positive results (0.23 and 0.24) (Table 7). 

Comparing the three scenarios through the ROC analysis, scenario 1 stands out with a higher AUC than 

scenario 2 and 3 (Fig. 10). With scenario 1, SINMAP exhibits a higher global accuracy (0.749 and 0.725 for Mogi and 

Perequê, respectively), against a slightly lower performance of scenario 2 (0.747 and 0.712, respectively) and 

scenario 3 (0.72 and 0.7, respectively) (Table 9). 

 

 

Figure 10. ROC curves for Mogi (left) and Perequê (right) watersheds. Colored dots in the curves represent the 

position where in SINMAP FS = 1 and in SHALSTAB log q/T = -2.5. 
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Table 8. Statistical summary of SINMAP modeling results. 

 Watershed Scenario 
Stability Classes 

Stable Mod Sta Quasi Sta Lower Upper Defended 

Area (km2) 

Mogi 

1 26.62 3.94 6.44 7.89 9.16 3.94 

2 37.06 7.02 8.18 2.67 1.45 1.62 

3 31.15 5.45 7.71 7.71 4.99 0.93 

Perequê 

1 11.27 1.79 3.55 3.58 3.64 5.06 

2 18.47 3.21 3.35 1.33 1.45 1.10 

3 13.64 3.21 5.14 3.09 2.20 1.59 

% Area 

Mogi 

1 45.90 6.80 11.10 13.60 15.80 6.80 

2 63.90 12.10 14.10 4.60 2.50 2.80 

3 53.70 9.40 13.30 13.30 8.60 1.60 

Perequê 

1 39.00 6.20 12.30 12.40 12.60 17.50 

2 63.90 11.10 11.60 4.60 5.00 3.80 

3 47.20 11.10 17.80 10.70 7.60 5.50 

# Landslides 

Mogi 

1 160 102 177 331 473 283 

2 406 308 429 157 116 110 

3 280 164 321 392 301 68 

Perequê 

1 28 19 52 67 83 148 

2 106 80 111 41 30 29 

3 58 54 124 62 55 44 

% Landslides 

Mogi 

1 10.50 6.70 11.60 21.70 31.00 18.50 

2 26.60 20.20 28.10 10.30 7.60 7.20 

3 18.03 10.70 21.00 25.70 19.70 4.50 

Perequê 

1 7.05 4.79 13.10 16.88 20.91 37.28 

2 26.60 20.20 28.10 10.30 7.60 7.20 

3 14.60 13.60 31.20 15.60 13.90 11.10 

Density 

(landslides/km2) 

Mogi 

1 6.01 25.86 27.49 41.96 51.62 71.75 

2 10.95 43.89 52.46 58.85 80.00 67.73 

3 8.99 30.08 41.61 50.82 60.34 73.28 

Perequê 

1 2.48 10.60 14.63 18.70 22.79 29.26 

2 5.74 24.94 33.11 30.84 20.76 26.41 

3 4.25 16.83 24.10 20.05 25.04 27.68 

 

5. Comparative analysis and discussion 

 

SINMAP and SHALSTAB results indicate that both models have comparable degrees of success at 

representing landslide susceptibility at both Mogi and Perequê watersheds. SHALSTAB, however, exhibits a 

slightly higher global accuracy than SINMAP (Fig. 10 and Table 9), suggesting that it is more adequate for the study 

region. 
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The poorer performance of SINMAP suggests that the model fails more often than SHALSTAB in the 

identification of potentially unstable areas (results with an overall lower true positive rate), while maintaining 

similar degree of error. Using scenario 1 as an example, SHALSTAB exhibits 5% more true positive results, with a 

2% lower false positive rate compared to SINMAP at the Perequê watershed. At Mogi, while true positive results 

using SHALSTAB is 10% higher, the model also has a 7% higher false positives rate, resulting in a more similar 

performance with SINMAP (Table 9). SHALSTAB, nonetheless, exhibits a higher global accuracy for both 

watersheds in all geotechnical scenarios. 

 

Table 9: Global accuracy of each scenario and model, represented by the area under the curve (AUC) of the ROC 

curve. The higher the AUC, the better the performance. 

Area under the curve (AUC) 

Model 
 Mogi  Perequê 

Sce 1 Sce 2 Sce 3 Sce 1 Sce 2 Sce 3 

SHALSTAB 0.774 0.757 0.729 0.813 0.787 0.767 

 

SINMAP 0.749 0.747 0.715 0.725 0.712 0.701 
 

 

 

Soil cohesion and thickness are the main differences between the different scenarios and, while the disparity 

in global accuracy between them is not substantial, the results of scenario 3 (and 2 in SINMAP) are much more 

conservative than scenario 1. We can observe that scenario 3 considerably underestimates potentially unstable areas 

in both watersheds. In total, 0.1% of Mogi and 0.43% of Perequê watershed is classified as ‘Chronically unstable’ in 

scenario 3 using SHALSTAB, with only 2 and 12 landslide scars in this class, respectively. In SINAMP, only 1.6% 

of the Perequê watershed is in the ‘Defended’ class (SINMAP), with 44 landslide scars. While scenario 2 did not 

provide underestimated results using SHALSTAB, in SINMAP only 2.8% of the Mogi watershed is classified as 

‘Defended’, encompassing 110 landslide scars. 

‘Chronically unstable’ and ‘Defended’ areas are associated to regions of bedrock outcrops (Fig. 11a) and/or 

areas that are unstable even without precipitation or run-off, such as those with steep slopes (>40º) and thin soil 

cover (0 – 1 m depth) (MONTGOMERY; DIETRICH, 1994; DIETRICH et al., 2001; MICHEL et al., 2015). During our 

field campaigns, period without recent records of heavy rainfall events, more than 10 landslides scars were 

observed in steep areas (e.g., Fig. 5 c and 11b) that would fall under the most extreme classes of the models. When 

the dimension of the 1985 landslide event is considered, it is even more evident how the lowest stability class should 

account for more of the study area and encompass more landslide scars than it does when scenario 2 and, especially, 

3 are employed. 

The more conservative performance of both scenarios 3 and 2 highlights how the input parameters impact on 

the susceptibility scenarios given by the models. The use of geotechnical parameters in which the average depth of 

the slope failure is > 2 m and cohesion values are higher results in a larger percentage of the study region being 

classified as stable, which may not be representative of the real conditions of the hillslopes. Therefore, a > 2 m depth 

for the failure surface of shallow landslides is likely overestimated, as well as high cohesion values (> 3000 Pa) for 

regolith derived from gneiss and granitoid rocks. 
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Although tropical soil is heterogeneous and anisotropic by nature, representing a challenge to consider and 

characterize during modeling (CAMPOS et al., 1992; BRUGGER et al., 1997; GERSCOVITCH et al., 2006), our results 

indicate that the soil of the hillslopes of Mogi and Perequê exhibits a general trend of low cohesion (sandy soils) 

and a shallow failure depth (ca. 1m). This trend can be observed when using both models, in which the scenarios 

with progressive lower values of cohesion, higher values of internal friction angle and shallower depths of rupture 

show superior performances. A single set of parameters for a broad region, however, can potentially generalize the 

geotechnical behavior of a region, representing a drawback for detailed studies. Nonetheless, as often regional scale 

studies demand fewer financial investments, the definition of a general geotechnical behavior for an area is useful 

as a starting point for hazard assessments and the application of other physically-based models.  

One great challenge when working at Serra do Mar, especially in a broader scale, is the challenges associated 

to systematic sampling and fieldwork logistics. Especially for Mogi watershed, the steep slopes, dense forest and 

not very clear trails difficult the access, often posing danger. Despite the challenges, fieldwork is extremely 

important to analyze and confirm the geomorphological and geotechnical characteristics of the study region. 

Fieldwork can also support the compartmentalization of a region according to geology and landform characteristic, 

which, combined with systematic sampling, should improve the representativeness of modeling results and is 

recommended for future studies in the region. Such systematic sampling and fieldwork analysis is simpler and 

safer to achieve in smaller and less remote areas, such as the sub-catchments of the Perequê watershed. 

Comparative studies between different techniques, albeit with similar core parameters, highlight how site-

specific the application of physically-based models are and how the best-fit model for a region depends largely on 

the available data, both related to soil and topography. Comparative analyses are, therefore, fundamental in 

ensuring the reliability of slope stability representation in a region, supporting urban-planning studies, as well as 

risk and hazard assessments. 

Similar comparative studies have been made worldwide and the results greatly vary according to region and 

scale. The literature generally suggests SHALSTAB as the most recommended for smaller and fine detail studies, 

while SINMAP the most suited for regional scale ones (areas over 20 km2). Such conclusions can be observed in the 

studies of Meisina and Scarabelli (2007), Andriola et al. (2009), Pradhan and Kim (2014), which have also compared 

both models. More recently, Michel et al. (2014) and Cabral and Reis (2020) have also concluded that SHALSTAB is 

the best-fit for small catchments at different areas of the Serra do Mar mountain range. 

 

 

Figure 11. A) Bedrock exposed area (UTM Coordinates: 362258 m E; 7364004 m N). B) Shallow landslide scar in steep 

slope (>40º). Soil depth in steeper slopes ranges from 0 to 1 m (UTM Coordinates: 352780 m E; 7360811 m N). 
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While SHALSTAB requires high-resolution topographic data (DIETRICH et al., 2001), SINMAP can potentially 

be useful in areas where data resolution is not very refined (e.g., > 10 m resolution DEM) (LOPES et al., 2007). Sizioli 

et al. (2013) compared four different stability models in alpine catchments in Italy, with a coarser DEM (10m) and 

concluded that SINMAP performed better than SHALSTAB, even in relatively smaller watersheds (10 to 15 km2). 

Furthermore, Cardozo et al. (2018) and Affandani and Kusratmoko (2019) also found that SINMAP is adequate 

when applied in smaller watersheds (> 5 km2), although in these last two studies a comparative analysis with 

SHALSTAB was not performed. 

Due to the probabilistic nature, which admits uncertainty over the input parameters, SINMAP can be 

advantageous for large areas (LOPES et al., 2007; THIEBES et al., 2016), as it is also suggested by the relative better 

performance of SINMAP at the larger Mogi watershed than at Perequê. The overall results of our study, however, 

show a superior performance of SHALSTAB when applied at the region of Cubatão in the Serra do Mar mountain 

range. 

6. Conclusion 

This study compared the performance of the physically-based models SHALSTAB and SINMAP in the 

landslide susceptibility assessment of the watersheds Mogi and Perequê, located at the Serra do Mar Mountain 

Range. The 1985 landslide event was chosen to calibrate model performance, due to its wide spatial distribution 

across both watersheds and due to the availability of high-quality data. The comparative performance analysis was 

made through the Receiver Operating Characteristics (ROC) analysis, a simple and effective way to assess modeling 

results via the relationship between success (true positive) and error (false positive) of the results. 

SHALSTAB emerges as the model that best represents landslide susceptibility at both watersheds, due to its 

higher concentration of landslide scars in unstable areas (true positive results) and higher global accuracy (the rate 

between true positive and false positive results). Even though SINMAP had similar degree of success as 

SHALSTAB, it was slightly less accurate and it failed more often to identify unstable areas in the landform. 

Three different geotechnical scenarios were considered during modeling, the first one (1) with lowest values 

of colluvial samples and the second (2) with average values and third (3) with the highest values. Scenario 1 results 

were more similar to the landslide event of 1985, showing higher true positive results and accuracy. Scenario 3 was 

more conservative, often failing to identify potentially unstable areas, which is not ideal for susceptibility studies. 

Scenario 2 performed similarly to scenario 1, which suggest that the landslides at the study region have a failure 

depth of up to 2 m and occur in sandy regolith (with low cohesion values and higher internal friction angle). 

Future comparative studies of physically-based models are recommended to be applied in smaller areas, 

where a more detailed geological mapping is possible and a higher sampling density is easier to achieve - especially 

at Serra do Mar where access is challenging. Nonetheless, comparative performance studies in regional scales are 

extremely important in hazard assessment and urban planning studies in mountain regions, providing an outlook 

in how to proceed in more detailed assessments. 
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