
Landslides

Landslides

DOI 10.1007/s10346-024-02319-4

Recent Landslides

Received: 9 April 2024 
Accepted: 12 July 2024 
© Springer-Verlag GmbH Germany, 
part of Springer Nature 2024

Vinicius Queiroz Veloso   · Fabio Augusto Vieira Gomes Reis · 
Victor Cabral   · Artur A. Sá · Marcelo Fischer Gramani · Thiago Castro Ribeiro · 
Agostinho Tadashi Ogura · Claudia Vanessa do Santos Corrêa · 
Pedro Victor Serra Mascarenhas · Wanderley Russo · Joana Paula Sánchez · 
Caiubi Emanuel Souza Kuhn · Lucilia do Carmo Giordano 

Application of the debris‑flow hazard index 
for pipelines in the context of the hydrogeological 
disaster of February 2023 in São Sebastião, Serra 
do Mar, Brazil

Abstract  Debris flows are a type of natural disaster that poses 
great threat to infrastructure, humans and the environment. In 
Brazil, debris flows have caused significant damage, especially in 
the Serra do Mar Mountain region. The increasing frequency and 
intensity of extreme precipitation events in the country highlights 
the need for the development of effective landslide risk manage-
ment strategies. In this study, we analyze the initiation and dynam-
ics of a debris-flow event that occurred in the Toque-Toque Grande 
watershed based on numerical modeling, as well as the risk that 
debris-flow occurrences represent to pipeline crossings using 
the Debris-flow Hazard Index methodology. The Toque-Toque 
Grande watershed is located in São Sebastião, northern coast of 
the São Paulo state (Brazil), where in February 18–19, 2023, an 
unprecedent precipitation event triggered landslides and debris 
flows. The results revealed that the intensification of extreme pre-
cipitation frequency and volume over short periods demands a 
more in-depth analysis. Instantaneous events, occurring with-
out prior accumulations, are becoming increasingly frequent. It 
becomes imperative to urgently comprehend their dynamics and 
their relationship with natural disasters, especially debris flows, 
and their impact on urban centers and strategic infrastructures 
along impact routes. The increasing frequency and intensity of 
extreme precipitation events highlight the need for adaptable risk 
management strategies focused on prevention to mitigate impacts 
on infrastructure, society, and the environment. Additionally, the 
study emphasizes the urgency of structural protection measures 
following the magnitude of the 2023 event, evidenced by mete-
orological and geomorphological assessments, highlighting the 
influence of physical environmental conditions on the formation 
of debris flows. Computational modeling aided in visualizing 
the dynamics of the flow, providing crucial understanding for its 
dynamics. The identification of high-risk areas and the implemen-
tation of containment measures, exemplified by the protection 
structure of Transpetro in the Toque-Toque Grande basin, high-
light the importance of proactive structural measures in impact 
mitigation. Essentially, this study sought to demonstrate the com-
plexity of debris flow risk management, advocating for multidis-
ciplinary approaches, prevention strategies, emergency response, 
and infrastructure protection in the face of environmental and 
operational challenges.

Keywords  Debris flow · Hazard assessment · Infrastructure 
resilience · Environmental risk management · Geomorphological 
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Introduction
In recent decades, numerous studies have addressed and attempted 
to understand the dynamics of debris flows, including their genesis, 
main triggering factors and, particularly, the increase in their fre-
quency in various parts of the world (Varnes 1978; Takahashi 1991; 
Rickenmann and Zimmermann 1993; Hungr et al. 2014; Bernard 
and Gregoretti 2021; Veloso et al. 2023b). These highly destruc-
tive phenomena, characterized by high velocity and long runout 
distances, are generally associated with high intensity to extreme 
rainfall events in mountainous areas, such as the Serra do Mar 
mountain range in Brazil (Gramani 2001; Veloso et al. 2023b).

The Serra do Mar region has one of the highest rainfall indi-
ces in Brazil (Gramani 2001), with exceptional and extreme rains 
periodically occurring, such as those that recently hit the northern 
coast of São Paulo state in February 2023 (Marengo et al. 2024). The 
recurrence interval of debris flows is decreasing, as demonstrated 
by various studies and reports (Eybergen and Imeson 1989; Rebetez 
et al. 1997; Westra et al. 2014; Pereira Filho et al. 2018; IPCC 2022; 
Giardino et al. 2023; Cabral et al. 2023b; Giordano et al. 2023; Lopez 
et al. 2023). These studies highlight the urgency of better under-
standing the influence of climate variability on the frequency and 
magnitude of landslides and debris flows (Cabral et al. 2022).

The intense rains that struck the northern coast of São Paulo 
between February 18 and 19, 2023, especially in in the region of São 
Sebastião, are a recent example. The 683 mm/15 h rainfall triggered 
numerous landslides along the coast, resulting in 65 deaths in the 
Barra do Sahy neighborhood of São Sebastião (Marengo et al. 2024), 
over 1000 displaced individuals, and damages totaling USD $122.4 
million, according to the municipal administration. According to 
official meteorological and natural disaster monitoring agencies 
such as the National Center for Monitoring and Alerts of Natural 
Disasters (CEMADEN) and the National Institute of Meteorology 
(INMET), it was the largest rainfall event recorded in 24 h in the 
history of Brazil. This event was compared to the catastrophic event 
that destroyed the city of Zhengzhou in 2021 by Brazil’s METSul 
meteorological agengy (Guo et al. 2023).
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Landslides and floods occurred in several areas along the coast 
of São Sebastião, including a debris-flow event in the Toque-Toque 
Grande catchment. This catchment is naturally prone to debris 
flows, as it is characterized by deeply incised channels and steep 
slopes. The high gradient of the main channel, coupled with 
abundant in-channel woody and rocky material, contributes to 
the accumulation of sediments resulting from previous landslides, 
which can, then, act as potential source areas for a debris-flow 
event. Moreover, in the region of the catchment, there is a high-
density of residential areas, as well as a federal highway (BR-101) 
and an oil pipeline that are crucial logistic routes and that cross the 
main channel, within the impact zone limit of a potential debris-
flow event.

Compared to other events described in the literature (Gramani 
2001, Kanji et al. 2007; Manzolli et al. 2018; Corrêa et al. 2021; Veloso 
et al. 2023a; Cabral et al. 2023b), particularly in the Serra do Mar, 
this event exhibited a smaller magnitude, likely due to the smaller 
area of the hydrographic basin, which influenced the volume of 
material mobilized both on the slopes and by the flow of the main 
channel. Nevertheless, it exhibited a significant impact and destruc-
tive power due to its proximity to infrastructure and densely popu-
lated areas (Cabral et al. 2023a).

In this context, this study characterizes the debris-flow event 
in the Toque-Toque Grande catchment, with special attention to 
the section where the channel-crossing oil pipelines occur. For 
the hazard assessment of the pipelines, the authors developed 

and applied the Debris Flow Hazard Index. Combined with geo-
morphological and meteorological analyses, as well as numerical 
simulation using RAMMS:DF (Graf and McArdell 2008; Graf and 
McArdell 2011).

Study area
Serra do Mar is a geomorphological feature that extends along 
a large part of the Brazilian coast, stretching from the state of 
Espírito Santo to Santa Catarina (Fig. 1B). The mountain range is 
composed mainly of migmatitic, granitic, and gneissic rocks dating 
back to the Precambrian, and is characterized by a rugged terrain, 
with steep slopes exceeding 30° and altimetric gradients ranging 
between 850 and 950 m. The mountainous relief is responsible for 
blocking moisture coming from the Atlantic Ocean, which, when 
attempting to cross the topographic barrier, precipitates upon 
reaching higher elevations in the form of rain, characterizing oro-
graphic rains (IPT 1987).

The scarps of Serra do Mar also act as obstacles to the passage 
of air masses, resulting in meteorological conditions known as 
semi-stationary and stationary fronts, especially the cold fronts of 
polar air masses and the fronts originating from the South Atlantic 
Convergence Zone (ZCAS), which provide conditions for strong 
and continuous rains (three to four days), responsible for the high 
rainfall rates (IPT 1987), São Sebastião (Fig. 1C) is a coastal munici-
pality with approximately 90 thousand inhabitants.

Fig. 1   Location of the study area. A Location of the Toque-Toque Grande watershed, São Sebastião—SP. B Location of the study area in the 
Brazilian territory. C Location of the study area in the municipality of São Sebastião—SP
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In the local geological context (Fig. 2A), the São Sebastião penin-
sula is characterized by the predominance of paraderived gneisses, 
described as relatively homogeneous rocks that follow variations in 
the metasedimentary sequence (Dias Neto et al. 2009).

According to the Geomorphological Map of the State of São 
Paulo (IPT 1981), São Sebastião is divided into two morphostruc-
tural units: (i) Coastal Province and (ii) Atlantic Plateau. The 
coastal plains are characterized as low, flat terrain close to sea level, 
with sinuous streams and rivers. The Atlantic Plateau presents the 
subzones of Festooned Scarps and Digitate Spurs (i.e., the Serra 
do Mar mountain range), which are characterized by steep slopes 
(> 30%), amplitudes exceeding 100 m, angular hilltops, rectilinear 
slope profiles, entrenched valleys, and high drainage density, which 
are fundamental elements in slope instability processes (Fig. 2B).

Materials and methods
The study was based on three steps: (i) evaluation of the mete-
orological and rainfall conditions that led to the initiation of the 
debris flow in the Toque-Toque Grande catchment; (ii) assessment 
of the geomorphological conditions affected by the debris flow, tak-
ing into account the main factors controlling their initiation; (iii) 
estimation of the hazard index for the occurrence of debris flows 
on highways.

Meteorological analysis

The analysis of the extreme rainfall event that triggered the debris 
flow on the São Sebastião Coast was conducted by combining data 
from the Geostationary Satellite (GOES 16) provided by the Center 
for Weather Forecasting and Climate Studies (CPTEC/INPE). This 
was conducted to better visualize the precipitation event specifi-
cally in the study area, while the rainfall intensity was estimated 
using data from twelve automatic rain gauges from CEMADEN, 
located along the coastline that recorded precipitation from Febru-
ary 15 to February 20, 2023 (Fig. 3).

The data was correlated to verify and determine where the most 
intense rainfall occurred, aiming at understanding the initiation 
of the debris flow and at assessing the influence of the orographic 
factor on the distribution and intensity of the rainfall.

Geomorphological analysis

The geomorphological characterization was conducted in two 
stages. The first stage involved a desktop analysis, during which 
maps were created using geoprocessing techniques, along with the 
acquisition of aerial images and topographic maps of the study 
area. In the second stage, which took place 9 months after the 
event (November 2023), a fieldwork was conducted with the pur-
pose of identifying the geomorphological features resulted from 
the phenomenon, such as the main triggering factors related to 
the catchment.

Estimation of debris‑flow hazard index in drainage crossing 
sections of pipelines

The estimation of the debris-flow hazard index is based on the cor-
relation of two factors: (i) susceptibility and (ii) vulnerability. The 
susceptibility score is conditioned by the probability of debris-flow 
occurrence in a particular area, classified from 0 to 16, while vulner-
ability is classified from 0 to 10 (Fig. 4).

Susceptibility refers to the likelihood of an eventual debris-flow 
occurrence in the catcment and is directly dependent on triggering 
factors related to the geomorphology of the areas under evaluation. 
Its determination takes into account the main triggering factors of 
debris flows in tropical mountainous areas, such as channel slope, 
watershed length and area (Gramani 2001; Dias et al. 2016; Corrêa 
et al. 2021; Cabral et al. 2023b).

Each of the parameters applied in the susceptibility assessment 
is classified on a scale from 0 to 4, and the sum of all can vary 
from 0 to 16, where 0 represents a negligible probability of debris-
flow occurrence, and 16 indicates the maximum possibility in the 

Fig. 2   A Geological context of São Sebastião. B Geomorphological context of São Sebastião
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case of extreme and localized rainfall in the considered catchment 
(Table 1).

Vulnerability, on the other hand, determines the damage that 
debris flows can cause to all mapped infrastructure in different risk 

scenarios, mainly the pipeline crossing. It is important to note that the 
vulnerability considered in this study takes into consideration only 
the physical vulnerability, not economic or social. Its classification 
was based on numerical computational modeling, where the runout 

Fig. 3   Rain gauges used for evaluating the extreme event in the study area

Fig. 4   Matrix of hazard classification for debris flow occurrence
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distance of the debris flow was estimated, considering three crucial 
parameters: (i) distance traveled, considering the height of the flow 
(meters) and velocity (m/s) in the watershed areas where the main 
channel intercepts the pipelines; (ii) magnitude estimation based on 
the volume of mobilized material (m3); and (iii) the method applied 
in the construction of the pipes (Table 2).

The numerical modeling was conducted using the RAMMS-DF, 
developed by the Swiss Federal Institute for Forest, Snow and Land-
scape Research (WSL), which employs the Voellmy friction model 
for debris flows based on Voellmy’s fluid flow law (Frank et al. 2017; 
Cabral et al. 2023b).

For model calibration, we adopted the methodological proce-
dure of Schraml et al. (2015), where we compared the observed and 
simulated deposition areas using an approach like that of Carranza 
and Castro (2006), Scheidl and Rickenmann (2010), and Cabral 
et al. (2023b). Subareas Ax, Ay, and Az resulting from the overlay of 
the simulated areas were systematically compared (Eqs. 1–3).

Subsequently, a coverage index (Ω) is derived using Eq. (4), and 
the closer it is to 1, the more accurate the simulation results are:

(1)� = A x∕A observed

(2)� = A y∕A observed

Results and discussions

Meteorological analysis
The northern coast of the State of São Paulo exhibits particularities 
in terms of climate dynamics due to its geographical position situ-
ated between subtropical (polar) and tropical atmospheric fluxes. This 
positioning tends to favor, especially during summer, intense rainfall 
events. Additionally, the orographic factor plays a significant role 
in blocking warm and humid winds from the sea, as well as thick, 
highly saturated clouds, which induce condensation and precipitation 
(Sant’Anna Neto 2001; Costa 2023; Carvalho et al. 2022).

In this context, during the night of February 18th to the early 
morning of February 19th, an exceptional rainfall event occurred 
along the northern coast of the state of São Paulo, with elevated 
rainfall indices in the municipality of São Sebastião. The hourly-
intensity peak in the study area was reached around 4:00 AM (UTC) 
on February 19th, with no significant accumulated precipitation 
prior to that time.

(3)� = A z∕A observed

(4)� = � − � − �

Table 1   Parameters used for evaluating susceptibility to debris-flow occurrence

Susceptibility Hillside Altimetric gradient (H) (m) > 750 4

(16 points) 500–700 3

Geomorphological 
constraints

200–500 2

100–200 1

< 100 0

Drainage Channel slope (D) (°) > 25 4

15–25 3

10–15 2

5–10 1

< 5 0

Length of the watershed (WL) (km) > 4 4

3–4 3

2–3 2

1–2 1

< 1 0

Watershed Watershed area (A) (km2) < 5 4

5–10 3

10–15 2

15–20 1

> 20 0
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Between the night of February 18th and 9:30am (UTC) on the 19th, 
a rainfall volume of approximately 403 mm occurred in the Toque 
Toque Pequeno rain gauge, the nearest to the Toque-Toque Grande 
catchment, triggering landslides in its upper sections, which were 
concentrated in the main channel, breaking natural in-channel dams 
and initiating the first pulses of the debris-flow event (Fig. 5A and B).

According to Metsul, the phenomenon resulted from the colli-
sion between two different air mass systems. The equatorial Amazo-
nian continental mass through the formation of the South Atlantic 
Convergence Zone (ZCAS) in displacement, which influences the 
precipitation in a large part of the Brazilian territory, met with a 
cold front advancing from the southern region over Serra do Mar, 
resulting in this unprecedented rainfall event (Fig. 6).

An important relationship was developed by Jones and Liebmann 
(2002) regarding the influence ZCAS and the occurrence of extreme 
events in the state of São Paulo. In this study, the Serra do Mar was 
characterized as one of the most important topographic factors influ-
encing the regional distribution of rainfall in the state, responsible for 
the seasonal maximum precipitation along the coast, which decreases 
towards the inland areas. It has also been observed that when the 
activity of the South Atlantic Convergence Zone (ZCAS) is weaker, 
with a displacement towards the ocean, there is an association with 
the occurrence of extreme events, especially in areas along the Serra 
do Mar (Jones and Carvalho 2002; Goncalves 2015).

Therefore, when analyzing the precipitation responsible for 
triggering the debris flow, the focus was on seeking a pattern of 
concentration along the escarpments of the Serra do Mar, through 
the analysis of data from the CEMADEN rain gauges distributed 
along the coast. By interpolating the data from rain gauges, it is 

possible to observe the predominant role of the Serra do Mar in 
rainfall concentration.

The extreme precipitation was confined to the ridge line of the 
mountain range, concentrated in the Barra do Sahy region, with a 
rainfall index of 601 mm/24 h, with hourly peaks of 106 mm (Fig. 7).

Geomorphological analysis

At this stage, the analysis of the main geomorphological factors that 
trigger debris flows was performed (Fig. 8). The following are the 
results of slope and channel characterization, as well as magnitude 
estimation, based on the DEM with a spatial resolution of 10 m.

Slope conditions
Through fieldwork, it was possible to observe the extensive destruction 
caused by the debris flow. Overall, the catchment covers an area of 1.8 
km2, with an elevation range of approximately 680 m, length of 1.5 km, 
and channel slope averages at 24° up until the knickpoing of the Toque-
Toque Grande waterfall, which is where the main channel the section 
where a topographic intersects the BR-101 highway (Fig. 9A).

Due to its small area, high altimetric gradient and steep slopes, 
rainfall has a tendency to occuring with higher average intensity 
per area in a more uniform manner in the catchment compared 
to larger ones, resulting in longer concentration times. Generally 
speaking, at Serra do Mar, smaller catchments exhibit steeper slopes 
and are more susceptible to orogenic effect, making them proner to 
triggering debris flows (Facuri and Picanço 2021).

Table 2   Determination of vulnerability classes

Vulnerability

(10 points)

Runoff

High h > 1.0 m and v > 1.0 m/s 3

Moderate h < 1.0 m or v < 1.0 m/s 2

Low h < 0.4 m and v < 0.4 m/s 1

Very Low Non-affected areas 0

Magnitude volume (m3) > 5000 m3 4

1000–5000 m 3 3

100–1000 m3 2

0–100 m3 1

No damage to the crossing section 0

Constructive method

Aerial pipeline 3

surface pipeline 2

Underground pipeline 1

pipeline with protection work 0
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In this section, it was observed that the waterfall post-event was 
completely exhumed, meaning all dislodged or fractured material 
was transported downstream during the debris-flow event, indicat-
ing the impact force and erosive power of the event (Fig. 9A and B).

Regarding the catchment slope (Fig. 8), characteristics and fac-
tors favorable to destabilization processes (shallow translational 
landslides, rockfalls, erosion) were identified. Due to the difficulty 
of accessing the upper part of the Toque-Toque Grande waterfall 
and for safety reasons, we did not have physical access to the upper 
section of the catchment. However, through the use of drone imag-
ing, it was observed that the vegetation is mostly well-preserved 
without signs of degradation, indicating that it was not the direct 
cause of the destabilization processes.

Rectilinear slopes predominate in the upper portions, with 
slopes exceeding 30°, which are considered the most critical for 
landslides (Cabral et al. 2023b). The slopes in the initiation zone 

located at the headwaters region are strong conditioned by geo-
morphological and structural factors, with valleys deeply incised 
in a "V" shape, featuring slopes ranging approximately from 74° to 
63° at higher elevations, decreasing from 63° to 55° in the middle 
course, and reaching 35° in the deposition zone at the lower sections 
of the catchment (Fig. 10).

By analyzing Toque-Toque Grande’s topographic profile a strik-
ing resemblance to other debris-flow prone catchments at Serra 
do Mar is observed, such as those in Cubatão (state of São Paulo), 
Itaoca (state of São Paulo) and Guaratuba (state of Paraná) (Mas-
sad 2002; Kanji et al. 2007; Massad et al. 2009; Veloso et al. 2023a; 
Cabral et al. 2023b). In these catchments, the main channel, due to 
high gradients and topographic discontinuities, is often associated 
with sections of high geological fracturing and shallow soils in the 
upper and middle courses, amplify the flows, increasing their trans-
port load with rocky material and large wood.

Fig. 5   A Daily precipitation analyzed for February 18th and 19th, 2023, for the Toque-Toque Pequeno rain gauge (closest to the study area, 
located 2.8 km away). B Precipitation recorded by the rain gauge between February 18th and 19th, indicating the onset of the main events 
responsible for triggering the debris flow



Landslides

Recent Landslides

Channel conditions
A catchment’s channel heavily influences the formation and 
development of a debris flow. The material mobilized by a debris 
flow along a channel does not solely originate from the slopes; a 

significant portion, especially coarser materials, is incorporated 
along the flow path, which, in some events, are also the primary 
sediment source (Scott 1971; Varnes 1978; Takahashi 2006; Hungr 
et al. 2014).

Fig. 6   Analysis of the phenomenon through GOES 16 satellite images

Fig. 7   Representation through interpolation of Cemaden’s automatic rain gauges, highlighting the orographic factor in extreme precipita-
tion in São Sebastião, SP
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A significant portion of debris flow processes forms along chan-
nels, by the collapse of natural dams or from previous shallow land-
slides and/or rockfall events.

Channel Slope at the headwaters region is around 24°, decreasing 
to 17° in the middle course, and further softening after the Toque-
Toque Grande waterfall to slopes of 7° in the lower part (Fig. 9).

The valleys are highly incised in a “V” shape in the upper sec-
tions and middle course of the drainage headwaters. In the lower 
portion, following the softening of slopes after the Toque-Toque 
Grande waterfall, the valleys still retain a degree of incision, albeit 
significantly reduced.

This characteristic pattern, resembling a ramp, has all the condi-
tions for the development of debris flows, enhancing destabilization 
by imparting high kinetic energy to the initial movements (Fig. 11).

The debris‑flow event
The debris-flow event occurred on the night between February 18 
and 19, 2023, in the –Toque-Toque Grande catchment. For a better 
understanding of the debris flow in the study area, a fieldwork was 
conducted to mapping the main triggering factors and to supporting 
the simulation of the event using RAMMS. The simulation helped to 
determine important parameters such as flow height, velocity along 
its trajectory, runout distance, and magnitude. Figure 12A and B show 
the simulation results, where the maximum height reached up to 3 m 
along the main channel, at its middle section and near the pipeline, 
covering 2.1 km, reaching up to the shoreline.

Figure 12A shows the scars of the landslides upstream of the 
catchment, which were responsible for triggering the debris flow 
and were used for modeling. These landslides represent an initial 
volume of 5,083.7 m3. Although this volume is not significant com-
pared to other events in the Serra do Mar that initiated debris flows, 
the material deposited in the channel contributed to the increase 
in volume and the development of the debris flow. (Dias et al. 2022; 
Cabral et al. 2023b; Veloso et al. 2023a).

The model calibration was performed using the coverage index 
(Ω) proposed by Schraml et al. (2015), based on the comparison of 
observed and modeled areas covered by RAMMS. As illustrated in 
Fig. 8, the area affected by the debris flow according to the simula-
tion greatly coincides with the deposits field observations, as well as 
with those estimated using satellite images and aerial photographs, 
with Ω values of 80%.

The debris flow had several pulses, as evidenced by several 
breached dams along the main channel, consisting mainly of large 
rock-boulder (< 5 m) and large wood (LW). The pipelines that cross 
the river basin were not seriously compromised, due to a bridge 
built as a protective structure. However, after the event, the bridge 
needed renovations due to the significant impact (Fig. 13C).

The destruction of houses at the forefront of the Toque-Toque 
Grande neighborhood was caused by the large volume of medium 
to small-sized rock boulders, coarse sediments, and tree trunks. 
These elements, as observed in Figs. 11 and 13 acted as a barrier 
to larger-sized materials. As a result, mud and some of the less 

Fig. 8   Topographic map of the study area and transversal and longitudinal profiles of the main drainage
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voluminous material from the flow managed to surpass this bar-
rier and reach the sea.

Estimation of the debris‑flow hazard index

The estimation of the debris-flow hazard index for pipeline cross-
ings is based on the hazard index for the study areas and is defined 
through the correlation between susceptibility and vulnerability 
assessments.

Susceptibility analysis
The definition of susceptibility took into consideration four main 
parameters that condition debris-flow initiation in the catchment: alti-
metric gradient (m), slope (°), basin length (km), and total area (km2). 
These values were obtained through field surveys and morphometric 
analysis, where a classification was assigned to each parameter (Table 3).

The altimetric gradient value (H) was around 680 m, classified 
as order 3, while the slope of the main channel (D) averaged 27°, 
also classified as class 3. The length of the basin (WL) was 1.68, clas-
sified as order 1, and finally, the basin area (A) was 1.8 km2, classified 
as class 4. The sum of all parameters was 11.

Vulnerability analysis
Vulnerability in this study was defined through parameters such 
as the distance traveled (runout) by the debris flow, establishing 
a relationship between velocity and the height of the flow in the 
pipeline crossing section. The magnitude of the event was related 
to the volume obtained through modeling (Fig. 12) and finally, the 
construction method of the pipelines in the channel crossing areas 
(Table 4).

With the debris flow had a peak velocity of around 10.7 m/s 
and a maximum flow height of 3 m. The estimated magnitude was 
approximately 6873.4 m3, and the construction method of the pipe-
lines in the channel crossing section is underground. The sum of 
all vulnerability parameters was 7.

Debris‑flow hazard index
To obtain the debris-flow hazard index, the final values of suscep-
tibility and vulnerability classification were combined through the 
hazard matrix, resulting in the hazard index for the Toque Toque 
Grande catchment (Fig. 14). The hazard index classification com-
bined susceptibility and vulnerability values through the hazard 
matrix described in previous sections, resulting in individual 

Fig. 9   Comparison of the Toque-Toque Grande waterfall before and after the debris flow. A Frontal record of the waterfall taken on 
04/05/2022, where it is possible to observe a large number of trees, wooden, and blocks fallen from the upper parts of the watershed. B Aerial 
record by drone on the date of 13/11/2023, showing the waterfall completely exposed due to the significant erosive power of the debris flow. 
To watch the video, please access the following. link: [https://​www.​youtu​be.​com/​watch?v=​lwcrS​pGc4iE]

https://www.youtube.com/watch?v=lwcrSpGc4iE
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hazard indexes for each pipeline crossing section in the selected 
hydrographic basins for the research application.

For channel crossing sections classified as H-1, the adoption of 
specific contingency plans at the local scale for each hydrographic 
basin is recommended. In cases of sections classified as H-2, it is 
recommended to incorporate the hydrographic basins into a logic 
of non-structural actions for natural disaster response, including 
contingency plans and, preferably, real-time pluviometric and geo-
technical monitoring.

In cases of sections classified as H-2, such as in Toque Toque 
Grande, structural interventions are required (e.g., stabilization 
structures, sediment retention dams, and sediment control), to 

reduce vulnerability, also including specific preventive plans based 
on real-time monitoring and alert systems, as well as plans specific 
to the basins.

Based on the combined results of susceptibility and vulnerabil-
ity analysis, expressed through the hazard matrix, the hazard index 
attributed to the specific drainage crossing segment intercepted by 
the pipeline system in the Toque-Toque Grande watershed reveals 
a concerning scenario, classified as level 18 (H-2). This index indi-
cates a significant and imminent danger of debris flow occurrence. 
However, thanks to the protective measures implemented on the 
pipelines, the risk of disaster occurrence and escalation is signifi-
cantly reduced (Fig. 15).

Fig. 10   Slope profile of the basin’s main drainage
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Fig. 11   Documentation of erosion caused in the main drainage by the debris flow. A Record of metric blocks and deposits in the main drain-
age. B Documentation of imbrication of large woods and metric blocks deposited in the main drainage after the passage of the debris flow. C 
Aerial view of the section crossing the Petrobras pipelines where the construction managed to protect the infrastructures after the passage 
of the debris flow. To watch the video of the debris flow passing through this section, please access the following link: [https://​www.​youtu​be.​
com/​watch?v=​w2EuE​z2mEeo]

https://www.youtube.com/watch?v=w2EuEz2mEeo
https://www.youtube.com/watch?v=w2EuEz2mEeo
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Fig. 12   A Mapping of landslide scars recorded upstream of the catchment using satellite images, used to estimate the initial volume. B 
Height of the modeled debris flow along its trajectory in the catchment. C Estimated velocity of the debris flow along its trajectory in the 
catchment
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Fig. 13   Record of the path taken by the flow in the study area. A Path taken by the debris flow overlaid with the Highway (BR-101), pipeline 
system, and the most affected residential areas. B Frontal view of one of the residences affected by the impact of the flow. C Record of the 
protective structure responsible for maintaining the integrity of the pipeline at the crossing section with the main drainage. To view the 
video of the waterfall situation, access the link: [https://​vimeo.​com/​user2​14436​941]

Table 3   Classification of susceptibility in Toque Toque Grande watershed

Catchment Altimétric gradient 
(H)

Class Slope channel (D) Class Catchment lenght 
(WL)

Class Catchment area 
(A)

Class Total

Tq_Tq_
Grande

680 3 27 3 1.68 1 1.8 4 11

https://vimeo.com/user214436941
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Table 4   Result vulnerability classification

Catchment Tq_Tq_Grande Flow characteristics Magnitude (m3) Constuctive method Total

Velocity (m/s) Maximum height (m)

10.7 3.0 6873.4 Underground pipeline 
with protection work

Class 3 4 0 7

Fig. 14   Debris-flow hazard index classification matrix in the study area
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Conclusions
This study aimed at assessing the initiation and behavior of a 
debris-flow event that occurred in São Sebastião – SP, in February 
2023, in the context of an unprecedented and atypical precipita-
tion event in Brazil. Additionally, a comprehensive assessment of 
the risks associated with the occurrence of debris flows in sec-
tions of drainage crossings traversed by pipelines was conducted, 
based on the application of the debris-flow hazard index in areas 
with strategic infrastructures and urban densifications at risk of 
impact, resulting in some significant conclusions that can guide 
risk strategies and protective measures.

Another important point was the observation of the magni-
tude of the event that occurred in February 2023, through the ero-
sion caused in the main drainage, evidenced by the comparison 
of the Toque-Toque Grande Waterfall before and after the disas-
ter, showing the necessity and urgency of structural protection 

measures. In addition, through the analysis of geomorphologi-
cal constraints and channel conditions, the influence of these 
factors on the formation and development of debris flows was 
highlighted, as the understanding of the morphological and topo-
graphic characteristics of a catchment is fundamental for the 
evaluation and prevention of debris flows.

This analysis, combined with computational modeling of 
the debris-flow event, allowed the estimation of the flow height 
and velocity along its trajectory in the catchment, providing 
essential information to understanding the dynamics of the 
phenomenon. The identification of areas prone to debris flows 
and the implementation of mitigation measures, such as the 
protective structure installed over the pipeline in the Toque-
Toque Grande catchment, which demonstrates the importance 
of structural preventive actions aimed at reducing the impacts 
of these events.

Fig. 15   Hazard index for debris flows on pipelines in the study area
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In summary, this study highlighted the complexity and impor-
tance of multidisciplinary approaches to understand, assess, and 
manage the risk of debris flows. The conclusions presented here 
are intended to significantly support strategies for prevention, 
emergency response, and protection of infrastructure in the face 
of these environmental and operational challenges.
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