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Abstract. The study presented in this paper aims to map landslide susceptibility on highway slopes and adjacent areas, us-
ing an approach based on stability analysis with deterministic methods considering semi-regional and detail work scales.
The infinite slope method in a Geographic Information System (GIS) environment and a 1:10,000 scale topographic base
(elevation intervals of 5 m) were used in the stability analysis at the semi-regional scale. Geological-geotechnical sections
surveyed in the field with measuring tape and inclinometer (1:100 scale with 0.5 m vertical slope intervals) and the Bishop
Simplified method were used in the detail scale. The geological-geotechnical materials present in the studied area are resid-
ual soils (sandstones, basalt and diabase), alluvial deposits and landfills. The slopes and marginal areas of the highway
more susceptible to landslides were mapped based on quantitative models of analysis, reducing the subjectivity of the map-
ping. Limitations of the infinite slope method related to its physical-mathematical model were identified and analyzed. The
approach used was efficient even considering the limitations of the infinite slope analysis method and the representative-
ness of the geomechanical parameters used in the stability analyses.

Keywords: Bishop Simplified, geological-geotechnical sections, infinite slope, residual soils, safety factor, slope susceptibility.

1. Introduction

During the execution of linear works a diversity of
geological-geotechnical materials can be exposed, such as
rock units and associated soils, as well as surface and un-
derground water dynamics, which in turn, respond in dif-
ferent manners to the demands imposed by the system. In
the case of highways, there are problems associated with
the stability of the slopes and embankments.

Several studies have addressed this theme given its
social, economic and environmental importance in high-
way management. Data from the Brazilian National De-
partment of Transport Infrastructure shows that, only in
2011, about R$ 150 million were invested on the recovery
of federal highways affected by landslides and erosion pro-
cesses (DNIT, 2014).

The most recent studies dealing with landslide sus-
ceptibility mapping have used the combination of deter-
ministic stability analysis models, such as the infinite slope
method, with hydrological models in a Geographic Infor-
mation System (GIS) environment. Following this research
line, stand out the models SHALSTAB - Shallow Slope
Stability Model (Montgomery & Dietrich, 1994); dSLAM -
Distributed Slope Stability Model (Wu & Sidle, 1995;
Dhakal & Sidle, 2003); SINMAP -Stability Index Mapping
(Pack et al., 1998; Pack et al., 2005) and TRIGRS -Tran-
sient Rainfall Infiltration and Grid-Based Regional Slope-
Stability Model (Savage et al., 2004; Baum et al., 2002;
Baum et al., 2008).

Some examples of the application of SHALSTAB
and TRIGRS models are the studies of Ramos et al. (2002),
Vieira (2007), Park et al. (2013), Rosniecek & Imai (2013)
and Gioia et al. (2014). Wu & Abdel-Latif (2000), Augusto
Filho (2006) and Silveira et al. (2012) used the infinite
slope method in the elaboration of landslide susceptibility
maps.

In this context, this paper proposes a landslide sus-
ceptibility mapping of the highway slopes and adjacent ar-
eas using an approach based on stability analyses with
deterministic methods and considering semi-regional and
detail work scales.

The infinite slope method in a GIS environment and a
1: 10,000 scale topographic base (elevation intervals of
5 m) were used in the stability analyses at the semi-regional
scale. The Bishop Simplified method (available in the Slo-
pe/W module of the GeoStudio software) and geologi-
cal-geotechnical sections surveyed in the field (1:100 scale
with 0.5 m vertical slope intervals) were used in the detail
scale.

The use of two simultaneous scales of analysis can be
considered one of the differentials of the current study
when compared to previous studies of landslide suscepti-
bility mapping based on quantitative models. Another rele-
vant aspect regards the identification and discussion of the
limitations of the infinite slope method related to its physi-
cal-mathematical model. This method tends to produce
anomalous results with the increase of safety factor (SF)
rather than its reduction for failure surfaces with slopes
greater than 60° and depths less than 1 m.
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The infinite slope method, developed by Skempton &
DeLory (1957), assumes that the depth of failure is much
less than the total extent of the slope and that the balance
between the resistive and sliding forces on a single slope
slice is sufficient to represent the level of stability of the en-
tire slope. This simplification makes the method quite mal-
leable for its application in various situations and presents a
good compatibility with computer programs, especially
those involving GIS (Ahrendt, 2005). The calculation of
the SF in the infinite slope method is performed through the
Eq. 1 below as proposed by Massad (2003).
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in which SF = safety factor; c’ = effective cohesion; �nat = na-
tural unit weight; 	’: effective friction angle; z = depth of
failure plane; i = slope angle; u = pore water pressure.

Bishop’s method of analysis is a modification of the
Fellenius method taking into account the balance of mo-
ments (resistant and acting) and the balance of forces acting
on each coverslip (Fiori & Carmignani, 2009; Gaioto,
1992). The Bishop Simplified method considers the bal-
ance of forces and moments, initially proposed by Bishop,
neglecting the lateral forces between the slices. In other
words, the Simplified Bishop Method admits a circular fail-
ure surface and considers that the forces on the sides of the
slices are horizontal, disregarding the tangential forces be-
tween them. This simplification results in a 1 % error on the
exact calculation (Abramson et al., 2002).

As it can be seen in Eqs. 2, 3 and 4 below, in the Sim-
plified Bishop method the safety factor is obtained by an
interative process.
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in which SF = safety factor; b = slice thickness; W = slice
weight; c’ and 	’ = effective cohesion and friction angle at
the base of the slice center; u = pore water pressure at the
base of the slice center; l = length of slice base.

2. Study Area

The study area covers a range of 500 m width on both
sides of Luís Augusto de Oliveira highway (SP-215), be-
tween kilometers 170 to 192.2 (geographic coordinates
Córrego Alegre datum: 48°17’29.657” W, 22°6’57.617” S;
48°4’33.742” W, 22°3’19.25” S). According to DER
(2015), in 2014 the Average Daily Volume (ADV) of traf-
fic on this highway reached 3,259 vehicles per day.

The studied section of the SP-215 highway crosses
the municipalities of São Carlos, Ribeirão Bonito and Dou-
rado, located in the center-west of the state of São Paulo,
Brazil. The 1: 10,000 digital cartographic base was assem-
bled on seven A3 sheets for printing (Fig. 1).

These areas are geologically composed of aeolian and
fluvial sandstones (Botucatu and Adamantina formations,
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Figure 1 - Study area.



respectively), basalt and diabase rocks (Serra Geral Forma-
tion), and their respective residual soils, that together com-
prise the register of the Paraná Basin (Devonian-Creta-
ceous ages) in the State of São Paulo (IPT, 1981a).
Subordinately, detrital slope deposits (colluvium) and allu-
vial deposits can occur in larger drainages. Geomorpho-
logically the area mostly comprises hills, basaltic plateaus
and escarpments (IPT, 1981b).

The rainy season runs from October to March, with
the rainiest quarter from December to February. The driest
period is from April to September, with the driest quarter
between June and August.

Although the studied region does not present the
same levels of natural susceptibility to the occurrence of
landslides as the crystalline mountainous regions, these
processes have occurred with a certain frequency, mainly in
the highway cuts (Fig. 2).

3. Materials and Methods
The main materials and software used in the study

were topographic maps at 1:10,000 scale, aerial images
from Google Earth Pro and field survey equipment (geo-
logical hammer, measuring tape, inclinometer and com-
pass), Arcmap (2010), Geoslope (2012) and Office (2010).

Initially, the subject of the research was defined, a
bibliographic review was made and also the study area was

chosen. Then, the research was developed according to the
four major steps outlined below: Inventory; Landslide sus-
ceptibility mapping at 1:10,000 scale; Slope stability analy-
ses at detail scale; and Synthesis.

3.1. Inventory

At this stage, the main geological and geotechnical
information of interest for the study were collected and or-
ganized, and the digital cartographic base, the Digital Ter-
rain Model (DTM) and the thematic maps necessary for the
landslide susceptibility mapping of the surroundings and
slopes of the highway at 1: 10,000 scale were produced. All
maps produced in this step were elaborated using the GIS
Arcmap/Arcgis spatial analysis tools.

The digital cartographic base at 1:10,000 scale in-
cluded the topographical information (elevations contours
every 5 m, elevation points, streams, highway cuts and
landfills) and a mosaic of aerial images from Google Earth
Pro. The thematic maps produced were: Shading, Hypso-
metric; Slope; and Geological Materials.

The DTM was produced with the top to raster com-
mand of the 3D Analyst Tools module. This tool performs a
hydrologically correct interpolation of a surface starting
from the input data related to the elevation contours, eleva-
tion points, streams, and boundaries of the digital carto-
graphic base. A cell size of 2.5 m was defined as the
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Figure 2 - Highway cut with shallow landslide in sandstone residual soil (Botucatu Formation).



interpolation grid, which is 50 % lower than the maximum
permissible cartographic error at 1:10,000 scale (0.5 mm or
5 m).

The filter and the fill tools were applied to obtain the
final hydrologically correct interpolated raster surface. The
final DTM was qualitatively evaluated to ensure that it pro-
vided a realistic representation of the topographic surface.
The qualitative evaluation created contours from the new
surface with Contour tool and compared them to the input
contour data.

These procedures are important because the accuracy
of the shading, hypsometric and slope maps and of the land-
slide susceptibility mapping at 1:10,000 scale is largely as-
sociated with the quality of the DTM.

The map of geological materials was produced based
on preexisting mappings and field surveys along the stud-
ied section of the highway.

3.2. Landslide susceptibility mapping at scale 1:10,000

The whole set of information obtained in the inven-
tory stage allowed the accomplishment of a preliminary
geological-geotechnical characterization of the study area
and to carry out the landslide susceptibility mapping at
1:10,000 scale using the infinite slope method. This ap-
proach enabled the definition of landslide susceptibility by
calculating the safety factor (SF) in all the cells of the ter-
rain according to the characteristics of each one.

The safety factors (SF) were calculated using the infi-
nite slope method (Eq. 1) and applying the raster calculator
tool of the GIS considering a 2.5 m grid (same as the DTM).
The operation was done using matrices with the data of the
soil geomechanical parameters, slope, groundwater condi-
tions and the depth of the failure surface (Fig. 3).

Three main scenarios were simulated taking into ac-
count the groundwater conditions and the failure plane. The
objective of these simulations was to obtain the best fit be-
tween the model of landslide susceptibility mapping and
the data collected in the field surveys.

Additional simulations were performed aiming to un-
derstand some anomalous results obtained related to limita-
tions of the infinite slope stability analysis method not
mentioned in previous studies. The conditions of SF vs.
slope angle and failure surface depth, effective cohesion,
friction angle and water level above the failure surface were
simulated, taking as an example the geomechanical param-
eters of Botucatu Formation.

Due to limitations, infinite slope and the topography
detail for 1:10,000 scale used for landslide susceptibility
mapping, a modeling for the highway cuts and landfills was
necessary to be performed separately.

In order to observe the most critical situation of anal-
ysis, the minimum values of cohesion and friction angle
and maximum values of unit weight were adopted based on
data found in the literature. The SF values obtained for each
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Figure 3 - Flow chart for landslide susceptibility mapping in GIS environment.



scenario simulated were classified into five classes of sus-
ceptibility considering the minimum safety increases of 15,
30, and 50 % for the low, medium, and high degrees of
safety according NBR 11682 (ABNT, 2006) for mathemat-
ical models based on limit equilibrium (Table 1).

3.3. Slope stability analysis at detail scale

The detailed geological-geotechnical sections sur-
veyed in the field were used for the slope stability analysis
in this step. The stability analysis used the Bishop Sim-
plified method (Eq. 2) and the SLOPE/W module of the
GeoStudio software. The Bishop Simplified method was
chosen because it provides intermediate results between the
more and less conservative equilibrium methods of slope
stability analysis (Krahn, 2004). The grid and radius me-
thod was used to research the critical failure surface. Four
sections were selected to represent the most critical sectors
and the main geological-geotechnical materials present in
the highway slopes.

The geomechanical parameters used in these stability
analyses were obtained from bibliography adjusted by the
back analysis of landslides that occurred in the highway
cuts sustained by residual soils of the three main geological
formations present in the study area (Botucatu, Serra Geral
and Adamantina Formations).

3.4. Synthesis

The results obtained in the previous steps were aggre-
gated and analyzed resulting in the final map of landslide
susceptibility in the slopes of the studied highway.

4. Results and Analyses

4.1. Thematic maps and characterization of
the study area

The hypsometric map was sliced into six elevation in-
tervals and the percentage areas of each class were calcu-
lated. The study area presents elevations ranging from 553
to 762 m. The elevations tend to increase from northeast to
southwest. About 90 % and 100 % of the study area pre-
sented elevations between 550 and 650 m and 650 and
750 m on sheets 1 and 7, respectively. The elevations above
750 m occur only on sheets 4 and 5, comprising 3.6 and
6.2 % of their total areas respectively (Table 2).

The slope map was produced at continuous intervals
of degrees and was subsequently reclassified into five clas-
ses expressed as percentages and related to erosion and
landslide susceptibility (Table 3). Table 4 presents the per-
centage areas of each of these five slope classes in the study
area.

The slope values varied from 0.1 to 180 % (0.006 to
60.9°), but there is a high predominance of slopes lower
than 12 % throughout the study area (about 70 % of the total
area in each of the seven sheets of the study area). Only the
sheets 1, 4 and 5 present almost 11 % of their total area with
slope between 20 % and 50 % (very high susceptibility to
erosion and medium susceptibility to landslides) and only
sheet 5 presents almost 5 % of its total area with slope over
50 % (very high susceptibility to erosion and high suscepti-
bility to landslides, Tables 3 and 4).

Regarding the distribution of the geological forma-
tions in the study area (see Section 2), the presence of the
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Table1 - Classes of safety factors (SF).

SF Failure condition represented Susceptibility

� 1 Failure Very high

1.01 to 1.3 1 % to 30 % over the failure condition High

1.31 to 1.5 31 % to 50 % over the failure condition Middle

1.51 to 2 51 % to 100 % over the failure condition Low

> 2 100 % over the failure condition Very low

Table 2 - Percentage areas of hypsometric classes (source: hypsometric map).

Hypsometric classes (m) Sheet 1 Sheet 2 Sheet 3 Sheet 4 Sheet 5 Sheet 6 Sheet 7

534-550 8.7 0 0 0 0 0 0

550-600 43.4 7.5 5.5 3.8 0 0 0

600-650 44.9 53.3 41.2 45.1 6.2 1.9 0

650-700 3 39.2 53.2 25.9 22.2 15.8 21.8

700-750 0 0 0 21.6 65.4 82.3 78.2

750-762 0 0 0 3.6 6.2 0 0



Adamantina Formation is noticed in a large percentage on
sheets 5, 6 and 7, and the presence of the Botucatu Forma-
tion in high percentages on sheets 2 and 3 (Table 5).

Considering the distribution of slopes by the different
geological formations present in the study area, only the
Serra Geral/Basic Intrusive formation has almost 15 % and
4 % of its total area with slopes between 20 to 50 % and
above 50 % respectively (Table 6).

The field surveys registered 33 control points. These
control points were characterized considering their geo-
logical-geotechnical material (rocks, residual and trans-
ported soils, landfill), features of slope instability (land-
slide scars and erosive processes, cracks, springs) and the
presence of drainage systems and other slope containment
structures.

Only a few highway cuts that expose basalts and
diabase of the Serra Geral Formation presented low weath-

ered rock expositions, which have the potential to trigger
rock falls and boulder rolling processes. Shallow landslides
scars were identified on the highway slopes with residual
soils of all geological formations present in the study area.
Typically, these scars affect the total height of the highway
cuts, presenting few meters width (2 to 5 m) and depths less
than 2 m (Fig. 2). Features of slope instability were not
identified on the highway landfills.

4.2. Landslides susceptibility mapping applying infinite
slope model

The following three main scenarios were simulated
based on the results of the thematic maps and geologi-
cal-geotechnical characterization of the study area: 1 -
Unsatured condition and failure surface 1 m deep; 2 -
Unsatured condition and failure surface 2 m deep and 3 -
Water level 0.5 m above the failure surface 1 m deep.

The map of geological and geotechnical units guided
the bibliographic search for the geomechanical parameters
of the formations found in the region. Similar geomecha-
nical parameters were used for the residual soils of the
diabase and basalt (Serra Geral Formation). The minimum
values for each formation of Table 7 were considered for
the simulations.

During the initial simulations for the calculation of
SF using the infinite slope method and considering the
boundary conditions described above, for slopes greater
than about 60°, the FS values began to increase rather than
decrease with increasing of slope value. Specific simula-
tions were performed to understand these anomalous re-
sults related to limitations of the infinite slope stability
analysis method not mentioned in previous studies.
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Table 3 - Slope classes (%) and erosion and landslide susceptibil-
ity.

Slope classes Erosion and landslide susceptibility

(%) (°)

0-6 0-3.4 Low to erosion and very low to landslides

6-12 3.4-6.8 Medium to erosion and very low to land-
slides

12-20 6.8-11.3 High to erosion and low to landslides

20-50 11.3-26.6 Very high to erosion and medium to land-
slides

> 50 > 26.6 Very high to erosion and high to land-
slides

Table 4 - Percentage areas of slope classes by (source: slope map).

Slope classes Sheet 1 Sheet 2 Sheet 3 Sheet 4 Sheet 5 Sheet 6 Sheet 7

(%) (°)

0.1-6 0-3.4 15.4 27.1 67.0 24.9 41.5 41.3 51.3

6-12 3.4-6.8 51.5 49.5 25.9 44.8 31.9 41.7 38.0

12-20 6.8-11.3 20.5 20.1 6.0 15.6 10.7 11.4 8.6

20-50 11.3-26.6 11.8 3.4 1.0 11.7 11.1 4.5 2.1

50-180 26.6-60.9 0.7 0 0 3.0 4.8 1.2 0.1

Table 5 - Percentage areas of geological formations (source: geological units map).

Geological material Sheet 1 Sheet 2 Sheet 3 Sheet 4 Sheet 5 Sheet 6 Sheet 7

Alluvial Deposit 3.4 1.8 0 0 0 0 0

Adamantina Fm. 0 0 0 11.4 46.3 72.8 96.1

Basic Intrusive 71.0 45.5 0 0 0 0 0

Serra Geral Fm. 0 0 0 55.3 52.4 27.2 3.9

Botucatu Fm. 25.6 52.7 100 33.3 1.4 0 0



These simulations considered the variation of the
geomechanical parameters, the slopes, the failure surface
depth and the saturation conditions. Tables 8 and 9 exem-
plify the results of these simulations for the residual soils of
Botucatu Formation for unsaturated and saturated condi-
tions respectively.

The results of Table 8 show that the shallower the
failure surface and the greater the cohesion value of the soil,
the smaller the maximum slope value that the infinite slope
method will present coherent results (FS decreasing with
increasing slope). The friction angle and water level height
seem not to influence the slope value from which the SF in-
version occurs (Table 9).

By differentiating the infinite slope equation with re-
spect to the slope angle, we can find the slope from which
SF inversion occurs for given values of cohesion, friction
angle and failure surface depth of rupture. Equation 5
shows this process for the given parameters of Botucatu
Formation c’ = 8 kpa, �nat (kN/m3) = 15,32 kN/m3, �’ = 32°,
as Fig. 4 plots the equation. Table 10 shows the results of
these analyses for each of the 3 main geological formations.
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After identifying the limitations of the infinite slope
stability analysis method described above, the simulations
were carried out to prepare the mapping of landslide sus-
ceptibility in the 1: 10,000 scale. Tables 11, 12 and 13 show
the percentage areas of susceptibility classes in the study
area considering the scenarios 1, 2 and 3.

The three simulated scenarios confirm that the section
of the highway studied is located in sites with predomi-
nantly low susceptibility to landslides, as indicated by the
data collected in the inventory step.
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Table 6 - Percentage areas of slope classes by geological formations (source: slope and geological units maps).

Slope classes Geological formations

(%) (°) Botucatu Serra Geral/Basic Intrusive Adamantina Alluvial Deposit

0.1-6 0-3.4 51.0 15.9 50.3 66.3

6-12 3.4-6.8 38.6 44.2 39.0 25.8

12-20 6.8-11.3 8.5 21.6 8.9 6.1

20-50 11.3-26.6 1.8 14.6 1.7 1.9

50-180 26.6-60.9 0 3.7 0.1 0

Table 7 - Geological and geotechnical materials and geomechanical parameters.

Materials c’ (kPa)* �’ (°)* �nat (kN/m3) References

Landfill 0 33.8 17.5 Magnani (2006)

Alluvial deposit 5 30 13.7

Residual soils Botucatu Fm. 2 28 15.32 Augusto Filho &
Fernandes (2018)8 32 15.32

5 30 15.32

Serra Geral Fm. 13 31.5 14.9 Pinto et al. (1993)

35 20 17.9

19 29 16.4

Adamantina Fm. 20 38.1 18.25 Queiroz (1986)

(*) In terms of effective stress.

Figure 4 - Plot of Eq. 5.
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Table 8 - SF vs. slope, depth of failure and effective cohesion (residual soils of Botucatu Fm.). Lines 3, 9 and 14 show the slopes from
which inversion of Safety Factor (SF) occurs.

ID SF Slope (°) Depth of failure surface (m)* SF Slope (°) c’ (kPa)*

1 3.49 30 0.5 3.49 30 8

2 2.65 50 2.65 50

3 2.77 60 2.77 60

4 3.48 70 3.48 70

5 6.22 80 6.22 80

6 2.29 30 1 2.29 30 4

7 1.58 50 1.58 50

8 1.57 60 1.57 60

9 1.85 70 1.85 70

10 3.16 80 3.16 80

11 1.69 30 2 1.69 30 2

12 1.05 50 1.05 50

13 0.96 60 0.96 60

14 1.04 70 1.04 70

15 1.64 80 1.64 80

(*) �’ = 32° was adopted for these simulations.

Table 9 - SF vs. slope, friction angle and water level (residual soils of Botucatu Fm.). Lines 3, 8 and 13 show the slopes from which in-
version of Safety Factor (SF) occurs.

ID SF Slope (°) Friction angle (°) SF Slope (°) Water level (m)

1 3.49 30 32 1.84 30 0.5

2 2.65 50 1.31 50

3 2.77 60 1.32 60

4 3.48 70 1.60 70

5 6.22 80 2.78 80

6 3.22 30 25 1.65 30 0.75

7 2.51 50 1.20 50

8 2.68 60 1.22 60

9 3.42 70 1.49 70

10 6.19 80 2.62 80

11 2.72 30 10 1.48 30 1

12 2.27 50 1.09 50

13 2.51 60 1.13 60

14 3.31 70 1.40 70

15 6.14 80 2.47 80

(*) Cohesion = 8 KPa and depth of failure surface = 0.5 m were adopted for these simulations.

Table 10 - Results of the analyses of the derivative of the infinite slope equation.

Residual soil Angle for safety factor
inversion (°)

Friction angle (°) Cohesion (kPa) Depth of failure surface
(m)

Botucatu 51.65 32 8 0.5

Serra Geral/Basic Intrusive 50.77 20 13 1

Adamantina 52.63 38.1 20 1



The simulation of scenario 2 produced the highest
percentage areas of medium and high susceptibility, con-
centrated in sheets 4 and 5, where also the highest slopes
occur. Figure 5 illustrates the cartographic result for sheet
5. The increase of the failure surface depth (scenario 2)
causes a significant decrease in the SF values but this de-
crease is not so significant when the water level increases
(scenario 3).

Almost 100 % of the total area of Adamantina Forma-
tion, which occurs mainly in sheets 6 and 7 of the study
area, presented very low susceptibility to landslides for the
three scenarios simulated (Tables 14 to 16). These results
indicate that the geomechanical parameters adopted for this
formation are probably slightly above the actual values. A
small landslide in the highway cut was identified in this for-
mation in the field surveys.

Considering the data collected in the inventory step
and especially in the field surveys, the landslides in the
studied area should occur mainly in unsaturated conditions
and be shallow (depths of 1 to 2 m), according to the bound-
ary conditions simulated in scenarios 1 and 2.

4.3. Detail analysis of critical slopes

Stability analysis of the geological-geotechnical sec-
tions surveyed in the field were performed using the Bishop
Simplified method and the software GeoStudio®
(Slope/W) in order to detail the 1:10,000 mapping, espe-
cially the highway cuts and landfills. All these stability
analyses considered the unsaturated condition (without wa-
ter level).

Four sections were selected to represent the most crit-
ical sectors and the main geological-geotechnical materials
present in the highway slopes, being three in cuts exposing
residual soils (Botucatu, Serra Geral and Adamantina for-
mations) and one in landfill.

All sections selected in the highway cuts present
landslide scars, which made possible the accomplishment
of a back analysis, that was executed in the Adamantina and
Serra Geral Formations (Tables 17, 18 and Fig. 6). These
formations were chosen in order to obtain most coherent
geomechanical parameters, since the data used in the sce-
narios of semi-regional landslide susceptibility map were
considered high.
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Table 11 - Percentage areas of the susceptibility classes for scenario 1

Susceptibility classes SF Sheet 1 Sheet 2 Sheet 3 Sheet 4 Sheet 5 Sheet 6 Sheet 7

Very high < 1.0 0 0 0 0 0 0 0

High 1.0 to 1.3 0 0 0 0 0 0 0

Medium 1.3 to 1.5 0 0 0 0 0 0 0

Low 1.5 to 2.0 0.1 0.2 0.1 0.2 0.6 0.2 0

Very low > 2.0 99.9 99.8 99.9 99.8 99.4 99.8 100

Table 12 - Percentage areas of the susceptibility classes for scenario 2.

Susceptibility classes SF Sheet 1 Sheet 2 Sheet 3 Sheet 4 Sheet 5 Sheet 6 Sheet 7

Very high < 1.0 0 0 0 0 0 0 0

High 1.0 a 1.3 0.16 0.02 0.001 0.28 1.08 0.33 0

Medium 1.3 a 1.5 0.29 0.05 0.012 1.56 2.02 0.50 0.005

Low 1.5 a 2.0 1.51 0.25 0.17 4.09 5.00 1.01 0.05

Very low > 2.0 98.05 99.7 99.8 94.08 91.9 98.2 99.9

Table 13 - Percentage areas of the susceptibility classes for scenario 3.

Susceptibility classes SF Sheet 1 Sheet 2 Sheet 3 Sheet 4 Sheet 5 Sheet 6 Sheet 7

Very high < 1.0 0 0 0 0.005 0 0 0

High 1.0 to 1.3 0.005 0.08 0.02 0.05 0.01 0 0

Medium 1.3 to 1.5 0.02 0.11 0.07 0.04 0.01 0 0

Low 1.5 to 2.0 0.33 0.53 0.3 0.7 1.66 0.5 0

Very low > 2.0 99.6 99.3 99.6 99.2 98.3 99.5 100



Tables 17 and 18 show the cohesion/friction angle
pair chosen in each back analysis. As might be expected,

various combinations of cohesion and friction angle have
FS close to 1.0. The Adamantina Formation residual soils,
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Table 14 - Percentage areas of geological materials per susceptibility classes of scenario 1.

Susceptibility classes SF Botucatu Serra Geral/Basic Intrusive Alluvial deposit Adamantina

Very high < 1.0 0 0 0 0

High 1.0 to 1.3 0.001 0 0 0

Medium 1.3 to 1.5 0.02 0 0 0

Low 1.5 to 2.0 0.18 0.38 0 0

Very low > 2.0 99.8 99.6 100 100

Figure 5 - Susceptibility mapping of sheet 5 considering scenario 2.

Table 15 - Percentage areas of geological materials per susceptibility classes of scenario 2.

Susceptibility classes SF Botucatu Serra Geral/Basic Intrusive Alluvial deposit Adamantina

Very high < 1.0 0 0 0 0

High 1.0 to 1.3 0.02 0.70 0 0

Medium 1.3 to 1.5 0.05 1.66 0 0

Low 1.5 to 2.0 0.28 4.38 0.06 0.01

Very low > 2.0 99.7 93.3 99.94 99.99



although sandy, have significant percentages of fines
(around 30 % at least) and Serra Geral Formation soils are
clayey. Thus, it was used the pair with the highest cohesion
and friction value that back analysis of the landslides af-
fecting the residual soils of these formations resulted in FS
close to 1.0.

The results clearly show that for the residual soils of
Adamantina and Serra Geral Formations the values of ef-
fective friction angle and cohesion used in the semi-regio-
nal landslide susceptibility map are quite high for the real-
ity of the site as shown by the back analysis (Tables 7, 17
and 18).

The stability analysis for the slope of Botucatu For-
mation using the parameters of semi-regional landslide sus-
ceptibility resulted in a SF value of 1.078 (Table 7 and
Fig. 7a). The better fit for the strength parameters obtained
from the bibliography for Botucatu Formation residual
soils is due to the fact that, in this case, the parameters were
obtained from shear strength (consolidated-drained triaxial
compression test under saturated and unsaturated condi-

tions) tests performed by Augusto Filho & Fernandes
(2018) using soils of the same study area.

The modeling for the landfill section resulted in a SF
value of 1.065 (Fig. 7b). This value indicates that the pa-
rameters used for this material were slightly low, mainly re-
lated to the value of effective cohesion, since there were no
signs of instability in the highway landfills in the studied
section.

The results obtained in the stability analyses in the de-
tailed geological-geotechnical sections were considered in
the elaboration of the final landslide susceptibility map of
the study area.

Finally, the results of the back analysis of the Ada-
mantina and Serra Geral formations were used to calibrate
the geotechnical parameters used previously in the suscep-
tibility mapping of scenario 1 (Tables 17 and 18).

The results of the scenario 1 mapping using the cali-
brated parameters are described in Table 19. As expected,
although areas of very low susceptibility (SF > 2) still pre-
dominate, there is a significant increase in areas of medium,
high and very high susceptibility in the zones in which
these two formations are present.
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Table 16 - Percentage areas of geological materials per susceptibility classes of scenario 3.

Susceptibility classes SF Botucatu Serra Geral/Basic Intrusive Alluvial deposit Adamantina

Very high < 1.0 0.002 0 0 0

High 1.0 to 1.3 0.08 0 0 0

Medium 1.3 to 1.5 0.12 0 0 0

Low 1.5 to 2.0 0.59 1.05 0.1 0

Very low > 2.0 99.2 98.95 99.9 100

Table 17 - Back analysis of Adamantina Formation. The values
used in the new modelling are: c’ (kPa) = 4, �’ (°) = 24.1 and SF =
1.077.

c’ (kPa) �’ (°) SF

0 36.1 1.074

0 34.1 0.997

1 32.1 1.028

0 32.1 0.924

2 30.1 1.061

3 28.1 1.097

3 26.1 1.032

4 24.1 1.077

4 22.1 1.017

5 20.1 1.068

5 18.1 1.013

5 16.1 0.959

6 16.1 1.07

6 14.1 1.019

Table 18 - Back analysis of Serra Geral Formation. The values
used in the new modelling are: c’ (kPa) = 5, �’ (°) = 14 and SF =
0.959.

c’ (kPa) �’ (°) SF

12 20 2.044

11 20 1.907

10 20 1.770

10 19 1.748

10 18 1.727

9 18 1.590

8 17 1.432

7 15 1.253

6 15 1.116

6 14 1.096

5 14 0.959

4 15 0.842



In sheet 3, no change occurs because there is no mate-
rial from Serra Geral formation / diabase. In sheet 2 only a
small increase occurs in the class of low susceptibility be-
cause, despite having the basic intrusive formation, soft
slopes predominate in this area (Tables 11 and 19). The re-
sults are similar for scenario 2.

5. Conclusions

Stability simulations using the infinite slope method
performed on the semi-detail scale (1: 10,000) allowed the
identification of limitations not previously described asso-
ciated with the physical-mathematical model of this

method. These limitations can be overcome by calculating
the angle from which SF inversion occurs, obtained by
means of the derivative of the equation with respect to the
slope angle.

The slope stability simulations using Bishop’s simpli-
fied method in detailed geological-geotechnical sections
produced in the field surveys allowed the adaption of the
geomechanical parameters used in the semi-regional simu-
lations, which made the mapping of susceptibility in the
study area more realistic.

The approach used was efficient even considering the
limitations of the infinite slope analysis method and the
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Figure 6 - Back analysis of the highway cut exposing residual soils of Adamantina (a) and slope stability analysis of Serra Geral (b) for-
mations.

Table 19 - Percentage area of the susceptibility classes for scenario 1 with adjusted geomechanical parameters.

Susceptibility classes SF Sheet 1 Sheet 2 Sheet 3 Sheet 4 Sheet 5 Sheet 6 Sheet 7

Very high < 1.0 0.2 0 0 0.6 1.7 0.5 0

High 1.0 to 1.3 0.9 0 0 3.6 4.6 1.0 0.1

Medium 1.3 to 1.5 1 0 0 2.1 2.4 0.5 0.1

Low 1.5 to 2.0 3.4 0.4 0.1 4.2 3.7 1.3 0.4

Very low > 2.0 94.5 99.6 99.9 89.5 87.6 96.7 99.4



representativeness of the geomechanical parameters used
in the stability analyses.

The slopes and marginal areas of the highway more
susceptible to landslides were mapped based on quantita-
tive models of analysis, reducing the subjectivity of the
mapping. The use of deterministic stability analysis models
in GIS environment and in geological-geotechnical sec-
tions results in great versatility and different scenarios can
be simulated, adapting them to each situation analyzed.
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