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Abstract: In this paper, we present a probabilistic study of landslide susceptibility at the Sagrado River Watershed in Morretes, Brazil.
The area is characterized by slopes higher than 20% in a large part of the relief, variable soil depths, and by strong rainfall intensities
due to orographic rains. Taken together, these factors promote the occurrence of translational landslides. Anthropic occupation is
distributed along the lowlands and on the less inclined slopes of the Serra do Mar. The infinite slope method was used to determine the
distribution of susceptibility to landslides. Input parameters of the model consisted of geotechnical soil parameters, soil layer thickness,
slope of the hillside, and matric suction, and the analysis implemented a Monte Carlo probabilistic method. As such, this method allows
the quantification of uncertainties due to the variability in geotechnical parameters, which enables the determination of a probability
of rupture. The elaboration of susceptibility maps to landslides for unsaturated soil conditions represents a useful tool to support the

identification of critical events occurrences in this location.
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1. Introduction

Gravitational mass movements are natural processes
that are part of the geomorphological evolution of
mountain regions. In Brazil, these mass movements are
common and recurrent in the south and southeast
regions, mainly in the Serra do Mar region. However,
the growth of disordered urban occupation in hillside
areas has caused a progressive increase in the number
of geological accidents associated with these processes.
In March 2011, there were more than 2,500 geological
accidents on the coast of the State of Paran&[1]. From
1988 to 2022, mass movement resulted in the deaths of
4,146 people, and is the geological process that caused
the most fatalities in Brazil [2].

Due to recurring disasters in Brazil, Federal Law No.
12,608 [3] was introduced in 2012 providing guidance
for the National System of Civil Defense and
Protection and the National Council for Civil Defense
and Protection. Additionally, Federal Law No. 12,608
authorized the creation of a disaster information and
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monitoring system. This law encouraged the Union,
states, and cities to adopt necessary actions to reduce
the risks caused by natural disasters.

The topography, geology, geomorphology, and
processes that lead to instability of an area and the
properties and resistance of the soils must be evaluated
to carry out adequate analysis of susceptibility to
landslides. Due to their high degree of uncertainty,
geotechnical problems have been treated through
probabilistic analyses. For slope stability studies,
probabilistic analyses are conducted using the
variability of geotechnical parameters and rainfall
events. Furthermore, the use of GIS (Geographic
Information Systems) enables the georeferencing of the
collected data and assists in the environmental and
territorial decision-making processes.

1.1 Definition of the Study Area

The Sagrado River Watershed, with an area of
approximately 58.62 km=is located in the city of
Morretes, in Serra do Mar (between coordinates UTM-
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E 714.043 and 724.997 and UTM-S 7.173.191 and
7.164.240, time zone 22S).

This watershed is characterized by high slopes, shallow
soil depth, frequent vegetation removal by humans and
significant orographic rainfall. These conditions
promote the occurrence of translational landslides [4].
The anthropic occupation in the Sagrado River
Watershed is distributed in the valley bottoms and
lower slopes of the hills adjacent to the Serra do Mar.

This area is formed by large deposits of colluvium
and talus. The colluvium in this region is highly
unstable, prone to planar and rotational landslides, can
deliver large volumes of sediment, and form debris
flows. Despite being more stable than the colluvium,
the talus has a high probability of toppling blocks,
providing sufficient material for mass flow. The
combination of these unstable materials with high
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slopes and the vegetation removal results in favorable
conditions for gravitational mass movements with high
destructive power [1].

2. Material and Methods

The landslide susceptibility distribution is based on
infinite slope method, derived from Fiori and
Carmignani [5]. Any slope of great extension and with
the same soil profile can be considered a slope of
unlimited extension. The slope consists of a soil mass
subjected to forces due to the weight of material, forces
due to water flow, and forces due to shear resistance.
These forces act in equilibrium, since the first two add
up and tend to move the massif downwards, while the
latter resists this movement.

The safety factor of a slope can be calculated using

Eqg. (2).
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where Cs represents the cohesion of the soil (kPa); ¢
is the friction angle (degrees); y is the unit weight of
soil (KN/m3¥; vy, represents the unit weight of water
(KN/mF; h,, is the depth of the saturated soil zone
perpendicular to the hillside (m); h is the soil
thickness perpendicular to the hillside (m); i is the
slope of hillside (degrees); (u, —u,,) is the matric
suction, and ¢? represents a parameter that quantifies
an increase in resistance due to an increase in suction.

The input parameters of the model consist of the
geotechnical parameters of the soil, soil layer thickness,
slope of the hillside, and matric suction. To simplify the
model, the present analysis omitted the pressure portions
of the weight of vegetation on the slopes and the pressure
exerted by the wind on the vegetation cover. The saturated
soil zone depth was also omitted, as it is generally
understood that the water level has no influence on the
safety factor in flat areas or in places where the water
level is outcropping. In areas with a significant slope,
the water level is deep enough so that it does not reach
the failure surface adopted in this study [6].

The geotechnical parameters of the soil were
determined from laboratory tests of characterization
and resistance, and data from previous research. The
failure surface depths were estimated from a helicopter
flyover of the Sagrado River Watershed. The slope map
was prepared from the DEM (Digital Elevation Model)
provided by ITCG (Institute of Land, Cartography and
Geology of Parang.

To verify the influence of slope on the susceptibility
distribution, Table 1 was used to classify the slope map.

The landslide susceptibility distribution was based
on an algorithm developed in Python and inserted into
a GIS environment. The algorithm generates the

Table 1 Classification of land relief [7].

Land relief class Slope (%)
Flat 0-3

Soft wavy 3-8
Wavy 8-20
Strong wavy 20-45
Mountainous 45-75
Steep >75
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necessary files for calculating FS based on the infinite
slope method. The generated files are saved in a File
Geodatabase (*.gdb) and from this *.gdb the calculation
of the probability of occurrence of unstable areas starts
from the scenarios generated through Monte Carlo
simulations. The variable input parameters used to
generate the scenarios are estimated from random
numbers within a pre-established range of values. Since
the input parameters are independent, that is, the value
of one parameter does not influence the value assumed
for the other. The developed algorithm is divided into
three stages.

2.1 Raster Creation from the Initial Parameters

The average of the unit weight, cohesion, and friction
angle parameter values obtained for a given coordinate
within the Sagrado River Watershed through laboratory
tests were spatialized through a map simplification of
rocky substrate and unconsolidated material. The soils
were classified according to their origin as sedimentary
or residual; however, the group of residual soils was
further subdivided based on the original rock due to the
significant difference in the properties of the resulting
soils. In this way, the following division was obtained:
sedimentary soil, residual granite soil, and residual
diabase soil.

The value of the suction parameter was determined
from the average of data in the literature for a
tensiometer installed in Serra do Mar [8-13]. Fixed
values of soil depth, unit weight of water, and suction
were used for all soils present in the watershed in the
form of raster files. These were generated by the
algorithm based on the slope raster inserted at the
beginning of the model.

2.2 Variation of the Input Parameters and Calculation
of the Factor of Safety, F'S

The variation ranges of the cohesion and friction
angle parameters were given from statistical data
analysis obtained in the laboratory and literature. The
standard deviations were obtained for each of the soil

classes considered, and then the number of pixels
present in each of the classes was verified. A weighted
standard deviation was carried out to obtain a single
range of variation for all soils.

Once the variation range of each of the input
parameters has been defined, the safety factor was
calculated for each pixel from random variables within
the pre-established range of values. When the pixel
safety factor was less than 1, the pixel was coded as 1,
and when the value of the safety factor was greater than
or equal to 1 in a given pixel, it was coded as a 0. Said
another way, safety factors considered stable did not
make up the sum for determining the probability of
rupture. This process was repeated until the established
number of iterations was obtained.

2.3 Probability of Rupture

At the end of the iterations, each pixel had a
probability of rupture given by Eqg. (2).
p="t @
n
where P represents the probability of rupture; n; is the
probability of the event occurring or the sum of the
number of unstable safety factors; and n is number of
elements of the event, namely, number of iterations.

The result of the simulation consisted of a raster of
failure probabilities that were classified according to
Table 2 to obtain the susceptibility map to landslides of
the studied area.

Probability of unsatisfactory performance is the
probability that the value of performance function will
Table 2 Adaptation of classification of susceptibility from
the reliability indices [14].

Probability of unsatisfactory

Degree of

performance susceptibility
0-0.0000003 Null
0.0000003-0.00003 Very low
0.00003-0. 001 Low
0.001-0.006 Below average
0.006-0.023 Average
0.023-0.07 Above average
0.07-0.16 High

0.16-1.0 Very high
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approach the limit state or that an unsatisfactory event
will occur.

Based on the normal distribution function, the input
parameters were classified into fixed parameters and
variable parameters. Cohesion, angle of friction, and
suction were defined as variable parameters, and fixed
parameters were slope inclination, thickness of the soil
layer, and unit weight of the soil.

Validation of the susceptibility distribution was
obtained from records of landslides in the Sagrado River
Watershed from the ITCG database and on-site visits.

3. Results and Discussion

To determine the standard deviation of the input
parameters of cohesion and friction angle, data
compiled from the literature on soils with the same
characteristics as those studied in the Sagrado River
Watershed were used [6, 12-13, 15-18].

The values used in the model correspond to the
average of the samples for the diabase residual soil due
to the absence of laboratory tests. As for sedimentary
and residual granite soils, the weighted average of the
results of laboratory tests performed with samples
obtained in the field was used. The standard deviation
corresponded to the weighted average of the standard
deviation for each type of soil.

The depth of the soil layer used in the model was 4
m. This value was determined based on the average of
estimated depths in the landslide inventory of the
Sagrado River Watershed and validated by literature
data for translational landslides.

Susceptibility maps were generated after 385
iterations, after which it was considered that there was
no significant variation in the susceptibility map based
on pixel sensitivity analysis.

The summary of the model’s input parameters is

Table 3 Summary of the model’s input parameters.

presented in Table 3.

Input raster generated determining the probabilistic
distribution of susceptibility to gravitational mass
movements in the Sagrado River Watershed is shown
in Fig. 1.

From the comparison between the results obtained
for the susceptibility map and with the slope, it was
noted that areas with high and very high susceptibility
occurred only in reliefs considered mountainous and
steep. It was also observed that below average, average,
and above average susceptibility classes occur
practically only in mountainous relief. Slopes lower
than 45% did not influence the determination of
susceptibility, as they presented null susceptibilities.

Subsequently, the “buffer” tool was used in the GIS
environment to analyze landslides and residences. When
comparing the landslide points with the susceptibility
map, it was observed that only 34.5% of the movements
occurred in unstable areas, being: 5.6% in below average
susceptibility areas, 3.0% in average areas, 4.3% in
areas of above average susceptibility, 7.3% in high and
14.3% in areas of very high susceptibility. Therefore,
65.5% of mass movements in the area with susceptibility
to gravitational mass movements are considered null.

The results of the quantitative analysis of the
occurrence of each susceptibility class in terms of
percentage of area is shown in Fig. 2.

For validation consideration, when only the polygons
resulting from the mapping of scars from the 2011
event were used, the percentage of null susceptibility
area affected by landslides decreases to 55.1%. Thus,
the susceptibility distribution in unstable areas
becomes: 6.3% in below average susceptibility areas,
3.2% in average areas, 6.3% in above average
susceptibility areas, 10.8% in high susceptibility and
18.3% in areas of very high susceptibility.

Type of unconsolidated material Cohesion (kPa) Friction angle (degree) Unit weight (KN/m3 Suction (kPa)
Sedimentary soil 15.0 £6.0 27.0 6.0 16.3 9.0£7.0
Residual soil—granite 7.0£6.0 38.0 6.0 16.8 9.0£7.0
Residual soil—diabase 11.0 £6.0 28.0 6.0 14.1 9.0£7.0
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(d) (e)
Label:
Slope: Cohesion
High Suction Sedimentary soil

I Soil depth I Residual soil—granite
.

®
Friction angle Unit weight
Hl Sedimentary soil B Sedimentary soil
Residual soil—granite Residual soil—granite

I Residual soil—diabase [ Residual soil—diabase m Residual soil—diabase
Fig. 1 Input raster. (a) slope; (b) soil depth; (c) cohesion; (d) friction angle; (e) suction; (f) unit weight.
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Fig. 2 Distribution of susceptibility classes.

3.1 Back Analysis

Due to the low representativeness of the map
generated for the Sagrado River Watershed for the
unsaturated soil condition, a back analysis of the
resistance parameters for this soil saturation condition

was also conducted, considering the same criteria as the
original analysis. Table 4 presents the summary of the
input parameters used in the back analysis, and Fig. 3
illustrates the susceptibility map obtained as a result of
the back analysis with a 30%* reduction in resistance
parameters.
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Table 4 Summary of the model’s input parameters.

Type of unconsolidated material ~ Cohesion (kPa)  Friction angle (degree)  Unit weight (kN/m$ Suction (kPa)
Sedimentary soil 10.5 £6.0 18.9 +£6.0 16.3 9.0£7.0
Residual soil—granite 6.0*+6.0 26.6 6.0 16.8 9.0+7.0
Residual soil—diabase 7.7 6.0 19.6 £6.0 14.1 9.0+7.0

* The reduction of the cohesion parameter of the granite residual soil was restricted to 25% of the initial value due to the limitation of

null cohesion.
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Fig. 3 Landslide susceptibility map obtained from back analysis of resistance parameters.

Fig. 4 summarizes the results of the quantitative
analysis of the susceptibility class occurrences in terms
of percentage of area from the back analysis. When
comparing these values with the percentages obtained
with the original parameters, we see a reduction of 32%
in the area that was considered null susceptibility. The
increase in the area of very high susceptibility was
approximately 17%, evidenced by the fact that the
parameters obtained in the laboratory do not reflect in
situ characteristics. Moreover, suction significantly
influences the susceptibility of the region since it
increases the soil resistance to shear.

Comparing the points of slippage with the
susceptibility map generated with a 30% reduction in
the resistance parameter values, it is observed that the
distribution of susceptibility in the scars of the landslides
became: 12.8% in an area of null susceptibility, 2.8%
in below average susceptibility, 4.6% in average areas,
4.9% in areas of above average susceptibility, 8.7% in
high susceptibility and 66.2% in areas of very high
susceptibility. Therefore, 87.2% of gravitational mass
movements occurred in unstable areas, a significant
increase in adherence when compared to the map
generated with parameters obtained in the laboratory test.
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Fig. 4 Distribution of susceptibility classes resulting from the back analysis.

Regarding the areas of registered residences in the
Sagrado River Watershed, we found that 95.4% of the
area in places of null susceptibility, 1.4% in areas of
below average susceptibility, 1.2% in places of average
susceptibility, 0.5% in above average susceptibility, 0.6%
in high susceptibility and 0.8% in areas of very high
susceptibility. In summary, 4.6% of this area is in
places with some degree of instability, showing the
need to monitor residences in this location.

5. Conclusions

The elaboration of landslide susceptibility scenarios
in the Sagrado River Watershed was the main challenge
of this work, due to limited computational capacity
which constrained cohesion, friction angle, and suction
variable parameters, as well as the number of iterations.
Despite the difficulties in determining the susceptibility
distribution, the results obtained through the back
analysis of the soil resistance parameters are considered
satisfactory. Approximately 87.5% of the percentage of
scar pixels mapped in areas have some degree of
instability. Finally, it is concluded that the algorithm
used for the elaboration of susceptibility map from the
Monte Carlo probabilistic method, inserted directly in
the GIS, has a high potential for development and
enhancement to increasingly refine subsequent
susceptibility analyses.

Acknowledgments

The authors would like to thank the PPGEC (Post-
Graduation Program in Civil Engineering), the UFPR
(Federal University of Parang, and SIGRisco Parana
(State Civil Defense, ITCG, SIMEPAR, Aguas Parana
and Paranacidade), for making this research project
possible.

References

[1] Mineropar. 2014. Servi@ Geoldgico do Parana
Mapeamento de &eas de risco associado a movimentos
gravitacionais de massa na bacia hidrogr&ica do Rio
Sagrado, munic pio de Morretes (PR). Curitiba: Mineropar.
(in Portuguese)

[2] Macedo, E. S., and Sandre, L. H. 2022. “Mortes por
deslizamentos no Brasil: 1988 a 2022.” Revista Brasileira
de Geologia de Engenharia e Ambiental 12 (1): 110-7. (in
Portuguese)

[3] Brasil.2012. Lei Federal n©12.608, de 10 de abril de 2012.
http://www.planalto.gov.br/ccivil_03/_at02011-
2014/2012/1ei/112608.htm. (in Portuguese)

[4] Marés Mikosik, A. P., et al. 2010. “Analise integrada das
ocorréncias dos escorregamentos translacionais rasos na
bacia hidrografica do Rio Sagrado.” Presented at the 7th
Simp&io  Brasileiro de Cartografia Geoté&nica e
Geoambiental, Maringa& (in Portuguese)

[5] Fiori, A. P., and Carmigniani, L. 2009. Fundamentos de
mecénica dos solos e das rochas: aplicagg na estabilidade
de taludes (2nd ed.) Curitiba: Editora UFPR. (in
Portuguese)



(6]

[7]

(8]

[°]

[10]

[11]

[12]

Probabilistic Study of Landslide Susceptibility in the Sagrado River Watershed, Brazil 99

Victorino, M. M. 2015. “Influéncia da chuva nas
poropressces e estabilidade dos taludes rodoviaios de um
trecho da BR 376 na Serra do Mar paranaense.” PhD thesis,
Universidade Federal do ParanaMariana Meza Victorino.
(in Portuguese)

Humberto, G. S., et al. 2018. Sistema brasileiro de
classificaggd de solos (5th ed.). Bras fia, DF: Embrapa, p.
356. (in Portuguese)

Kormann, A. C. M., Guzen, E., and Quebaud, S. 2014.
“Avaliagdes de estabilidade e do desempenho de sistemas
de proteg® de taludes rodoviaios em uma encosta
litordnea.” Presented at the IX Workshop sobre os
Recursos de Desenvolvimento Tecnoldgico. (in
Portuguese)

Kormann, A. C. M., Sestrem, L. P., and Pretto, J. H. F.
2012. “Comportamento de Encostas no Estado de Santa
Catarina: Revis& de Mecanismos Geoldgico-Geoteenicos
e Estudo de Caso.” Presented at the IX Simp&io de Préica
de Engenharia Geoteenica da Regi& Sul, Cricitma. (in
Portuguese)

Sestrem, L. P., Kormann, A. C. M., and Marinho, F. A. M.
2016. “A Field Study on the Influence of Rainfall Intensity,
Suction and Load Distribution, in a Reinforced
Unsaturated Slope in Brazil.” Presented at the 12th
International Symposium on Landslides, Naples, Italy.
Sestrem, L. P., Pretto, J. H. F., Marinho, F. A. M., and
Kormann, A. C. M. 2015. “Precipitation Influence on the
Distribution of Pore Pressure and Suction on a Coastal
Hillside.” Soils and Rocks 38: 81-92.

Gonzd&ez, A. A. M., Passini, L. B., and Kormann, A. C. M.

[13]

[14]

[15]

[16]

[17]

(18]

2017. “Rainfall Effects on Pore Pressure Changes in a
Coastal Slope of the Serra do Mar in Santa Catarina.” Soils
and Rocks 40: 263-78.

Kamien, D. J. 1997. Engineering and Design: Introduction
to Probability and Reliability Methods for Use in
Geotechnical Engineering. Washington, D.C.: Dept. of the
Army.

Albuquerque, P. J. R. 1996. “Analise do comportamento
de estacas prémoldadas de pequeno di&metro,
instrumentada, em solo residual de diab&io da regi& de
Campinas.” M.Sc. thesis, Universidade Estadual de
Campinas. (in Portuguese)

Kozciak, S. 2005. “Analise deterministica da estabilidade
de vertentes na Bacia do Rio Marumbi-Serra do Mar-
Parana.” PhD thesis, Universidade Federal do Parana. (in
Portuguese)

Borchardt, N. 2005. “Diagndstico geoldgico-geoté&nico na
estabilidade das vertentes do alto e mélio curso da Bacia
do Rio Sagrado, PR.” M.Sc. thesis, Universidade Federal
do Parana. (in Portuguese)

Lazarim, T. P., Kormann, A. C. M., and Sestrem, L. P.
2014. “Caracterizagdo geotécnica e retroanalise da ruptura
de uma encosta litorénea situada na BR-101, Santa
Catarina.” Presented at the XVII Congresso Brasileiro de
Mecénica dos Solos e Engenharia Geotéenica, Goi&nia. (in
Portuguese)

Pecapedra, L. L. 2016. “Estudo da resisténcia ao
cisalhamento n&b saturada de solos residuais de granito e
diabasio de Florianopolis/SC.” M.Sc. thesis, Universidade
Federal de Santa Catarina. (in Portuguese)



