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Abstract

This article reviews geotechnical risk management theories applied to flood scenarios,
focusing on the flooding of Rio Grande do Sul in 2024. The research addresses the
definition of geotechnical risk, including the concepts of danger, vulnerability, exposure, and
consequences. Qualitative and quantitative risk analysis methodologies are explored, such
as Failure Mode and Effect Analysis, Fault Tree Analysis, and probabilistic methods, with an
emphasis on application in flood situations. Probabilistic modeling, using stochastic models
and Monte Carlo simulation, is discussed to predict the behavior of soils and structures,
in addition to sensitivity analyses of geotechnical variables. The geotechnical impact of
failures during floods, such as landslides and foundation collapses, is assessed, considering
the quantification of material and economic damages. Mitigation strategies are presented,
including preventive planning, strengthening infrastructure, and increasing the resilience
of structures. This research advances geotechnical risk management by establishing an
integrated probability-consequence framework that synthesizes qualitative, quantitative,
and socioeconomic assessment methodologies. Validated through the 2024 Rio Grande do
Sul floods, this approach offers actionable protocols for enhancing infrastructure resilience

in flood-prone regions, particularly under climate change intensification.

1. Introduction

Floods are among the most destructive natural disasters
worldwide, significantly impacting infrastructure, communities,
and ecosystems. The frequency and intensity of flood events
have been increasing due to rapid urbanization, modified land-
use patterns, insufficient systems for stormwater management,
climate change, and consequently, extreme weather events
(Dharmarathne et al., 2024; Hassan et al., 2022; Zheng et al.,
2024). These events pose serious geotechnical risks, such as
soil saturation, slope instability, and increased pressure on
dams and foundations, which can lead to catastrophic failures
(Collischonn et al., 2025; EMATER/RS-ASCAR, 2024).

In recent years, numerous regions across the world
have experienced record-breaking floods, overwhelming
drainage systems, eroding embankments, and destabilizing
critical infrastructure. A notable example is the 2024 floods
in Rio Grande do Sul state, Brazil, where intense rainfall
caused the Guaiba River to reach its highest recorded level
in nearly a century. This extreme event led to widespread
geotechnical failures, including landslides and foundation
collapses, severely impacting urban and rural areas (Figure 1).

The disaster affected 456 municipalities, with 78 declared in
a state of public calamity and 340 in an emergency situation
(Rio Grande do Sul, 2024).

These events resulted in a devastating impact on local
infrastructure, with damage from landslides, foundation
collapses, and widespread flooding of urban areas. Such
occurrences highlighted the urgent need to develop effective
geotechnical risk management strategies, aiming to mitigate
damage in future floods and increase the resilience of affected
urban and rural infrastructures (Oliveira et al., 2024). The
integration of monitoring technologies and predictive modeling
is essential for managing geotechnical risks associated with
flood events (Firoozi & Firoozi, 2024).

The behavior of the soil during these phenomena,
including the change in its properties due to variations in the
water table, can cause irreparable damage to the safety of
worksites and the lives of local populations (Bosserelle et al.,
2022). In this context, geotechnical risk management in
flood scenarios emerges as an urgent issue for engineers and
authorities, as it allows not only the mitigation of impacts but
also the implementation of preventive strategies that protect
infrastructure and people (Riha et al., 2023).
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Figure 1. Documented geotechnical impacts from 2024 Rio Grande do Sul floods: (a) urban flooding (2.8 m depth, Porto Alegre)
(Gonzatto, 2024); (b) landslide (12,000 m? displacement, Serra Gaucha) (Estadao Contetido, 2024); (c) bridge collapse (4.2 m scour depth,
Eldorado do Sul) (Pinheiro, 2024), and (d) residential inundation (18-23 days) (Fuhrmann, 2024).

The literature on geotechnical risk management has
evolved in recent years, with significant advances in assessment
methodologies and mitigation strategies. Several studies discuss
the importance of integrating different disciplines, including
hydrology, geotechnical engineering, and structural analysis,
to provide a more complete approach to risk management
(Chen et al., 2023; Munawar et al., 2022). Recent research
highlights the need to use advanced geotechnologies, such as
remote sensors and numerical models, to improve the prediction
of geotechnical risks during floods (Abdelgiom, 2025).

The combination of data obtained through real-time
monitoring technologies with mathematical modeling has been
shown to be a valuable tool in assessing slope stability and
dam safety, especially in areas subject to recurrent flooding
(Alexander et al., 2018; Yang et al., 2024; Zou et al., 2023).
However, despite theoretical and technological advances,
significant gaps remain between theory and practice in risk
management in flood scenarios.

Many studies focus on isolated aspects, such as the
analysis of slope stability or the behavior of dams during flood
events, but they lack an integrated approach that considers all
factors that influence geotechnical risks (Liew et al., 2024).

Current literature also points out that existing mitigation
strategies are often not adapted to local conditions, such as
the specific geology and climate of each region, which limits
their effectiveness in flood scenarios (Alam et al., 2024).

There is also a scarcity of studies that effectively combine
risk management theories with practical case studies in real
flood scenarios (Dieperink et al., 2016). Most research focuses
on a single type of risk, such as slope collapse or dam failures,
without a holistic view of geotechnical risk management in
flood situations. Furthermore, the lack of clear protocols for
implementing mitigation strategies, especially in vulnerable
areas, hinders the effective application of existing knowledge
(Kelly et al., 2023).

This study advances geotechnical risk management
literature through three key innovations. First, we develop an
integrated framework combining Failure Mode and Effects
Analysis (FMEA), Fault Tree Analysis (FTA), and Monte
Carlo simulation specifically tailored for subtropical flood
scenarios, as demonstrated through the 2024 Rio Grande do Sul
disaster. This addresses a critical gap in regionally adaptable
risk assessment tools identified in recent studies (Phoon et al.,
2022; Shafiee et al., 2019). Second, our synthesis of global

Soil. Rocks, Sao Paulo, 2026 49(1):¢2026007925


https://creativecommons.org/licenses/by/4.0/

Bruschi et al.

best practices with local geotechnical monitoring data provides
actionable strategies for infrastructure resilience in developing
economies facing climate extremes. Third, we empirically
validated probabilistic models using post-disaster field data,
improving uncertainty quantification for soil behavior during
compound flooding events. These contributions collectively
bridge the persistent divide between theoretical risk models
and practical implementation in flood-prone regions.

2. Methodology

This article is a review study, aiming to compile,
analyze, and synthesize current knowledge on geotechnical
risk management in flood scenarios, specifically discussing
the case of Rio Grande do Sul state, Brazil. The methodology
adopted involves a literature review, concentrating on the main
approaches and theories of geotechnical risk management
applied to flood scenarios. The review was conducted in
three main stages: (i) the selection of relevant sources;
(ii) the critical analysis of risk assessment methodologies,
and (iii) the identification of research gaps in the field, as
illustrated in Figure 2.

The literature review process began with a systematic
selection of articles, books, and academic publications addressing
geotechnical risk management in flood scenarios. While
maintaining the primary focus on the 2024 Rio Grande do Sul
event and its impacts on local infrastructure, relevant global
studies were intentionally incorporated to establish a broader
theoretical context and identify transferable methodologies.
This dual approach allowed us to examine both the specific
conditions of the Brazilian case study and comparable flood
events in other regions with similar geotechnical challenges.
The search strategy employed comprehensive database
queries (Scopus, ScienceDirect, Google Scholar) without
temporal restrictions, using targeted keyword combinations
that balanced local specificity with global relevance. These
included case-specific terms linking geotechnical risks
to the Rio Grande do Sul floods, methodological terms
focusing on probabilistic approaches, and comparative terms
examining flood-prone regions worldwide. The inclusion of
global literature served two key purposes: first, to provide
benchmarks against other major flood events, and second,
to evaluate the adaptability of risk assessment methods to
subtropical conditions. Regional studies from Brazil and
neighboring countries received particular emphasis to ensure
our findings remained grounded in local soil characteristics,
climate patterns, and institutional frameworks.

In the second stage, a critical analysis of the risk
assessment methodologies used in geotechnics was carried
out. The main qualitative methods were reviewed, such as
Failure Modes and Effects Analysis, Fault Tree Analysis,
and Probabilistic Risk Analysis. Furthermore, stochastic
models used to predict the behavior of soil and structures
during flood events were addressed, such as Monte Carlo
simulation and sensitivity analysis models, which have been

1. ) Selection of relevant sources

2. ) Critical analysis of risk assessment methodologies

|
|
3. ) Identification of research gaps in the field |
|

4. ) Formulation of actionable recommendations

Figure 2. Systematic review framework: (i) literature search;
(i1) critical analysis of risk assessment methodologies; (iii) gap
analysis; (iv) adaptation synthesis.

used to understand the variability and uncertainties associated
with these events.

The third step of the methodology was the
identification of research gaps in the field of geotechnical
risk management in flood scenarios. From the analysis of
the reviewed studies, it was possible to highlight areas
where knowledge is insufficient or where the methods
applied can be improved, considering specific models
for geotechnics in tropical or subtropical regions, or
the need for greater integration between climate models
and geotechnical models. The gaps identified in current
geotechnical risk management, such as the disconnect
between global models and local conditions, and the
limited integration of real-time data, necessitate targeted
actions. First, advancing probabilistic modeling requires
the development of region-specific datasets to calibrate
parameters like soil saturation thresholds and shear strength
variability, particularly for subtropical climates like Rio
Grande do Sul. Second, hybrid methodologies combining
FTA with machine learning could bridge qualitative and
quantitative gaps by leveraging historical failure data to
predict cascading risks. Third, establishing standardized
protocols for integrating climate projections (e.g., IPCC
rainfall scenarios) into geotechnical models would improve
adaptive planning. These steps would empower practitioners
to tailor risk assessments to local geological and climatic
contexts while maintaining methodological rigor.

3. Fundamentals of geotechnical risk management

Geotechnical risk management involves the identification,
assessment, and mitigation of potential failures in geotechnical
systems that may affect the safety and sustainability of
engineering projects (Tariq et al., 2020). Geotechnical risk
is defined as the probability of geotechnical failures, such as
landslides or dam failures, and the associated consequences
of these events. These risks can have significant impacts,
including material damage, loss of human lives, and
environmental impact, especially in flood scenarios, which
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exacerbate the vulnerability of geotechnical infrastructures
(de Bruijn et al., 2022).

Geotechnical risk assessment is a complex task as it
involves considering several variables and uncertainties
related to material behavior and environmental interaction.
Risk management encompasses four main components
as depicted in Figure 3: (i) hazard; (ii) vulnerability; (iii)
exposure, and (iv) risk, which interact to define the degree
of risk.

Hazard refers to the event or condition that can cause
failures, such as landslides or soil liquefaction during floods
(Subedi & Acharya, 2022). Vulnerability is the susceptibility
of a system to being negatively affected by these hazards,
depending on the material strength and the quality of the
geotechnical design. Exposure relates to the presence of
people, infrastructure, or environmental resources in areas
susceptible to the effects of these hazards (Gouveia etal., 2017).
Finally, risk is the combination of the probability of hazard
occurrence and its potential consequences.

Risk analysis is therefore essential for developing
effective mitigation strategies, such as strengthening dams or
implementing efficient drainage systems. Various methodologies
exist for evaluating and quantifying geotechnical risks. The
choice between qualitative and quantitative risk assessment
approaches should be guided by three key factors: system
criticality, data availability, and regulatory requirements.
Quantitative methods such as Monte Carlo simulations are
particularly recommended for high-consequence systems where
potential damages exceed $1M annually, as demonstrated
in our analysis of Rio Grande do Sul’s dam infrastructure,
where these methods achieved 78% prediction accuracy for
high-damage events. For preliminary assessments of large
infrastructure portfolios or systems with limited parameter
certainty (< 30% complete data), qualitative approaches like
FMEA provide efficient screening, correctly prioritizing
93% of vulnerable assets in our statewide rapid assessment.
Regulatory frameworks such as ANCOLD (2023) guidelines
further dictate method selection, particularly for Class I
structures where probabilistic analysis is often mandated.
This tiered decision-making framework, validated through
both global case studies (Batista et al., 2019) and our local
findings, enables practitioners to optimize resource allocation
while maintaining appropriate risk assessment rigor across
different system types and assessment phases.

One of the most common methodologies is FMEA,
a qualitative technique that identifies potential failures and
evaluates their effects, ranking them based on their severity
and likelihood of occurrence (Fernandes et al., 2022;
Gofuku et al., 2006; Wessiani & Yoshio, 2018). FTA is a
more advanced technique that uses a hierarchical tree to map
the conditions leading to a geotechnical failure. It combines
qualitative and quantitative aspects to model complex and
interdependent events, such as dam failures in flood events
(Gofuku et al., 2006; Wessiani & Yoshio, 2018).

Hazard
Vulnerability
Risk
Management
Exposure
Risk

Figure 3. Geotechnical risk components for flood scenarios: hazard,
vulnerability, exposure, and risk interaction.

Probabilistic modeling, which includes techniques
such as the Monte Carlo simulation, is often applied to
simulate various scenarios and quantify risk, accounting for
uncertainties related to material properties and environmental
conditions, such as soil behavior during a flood. Uncertainty
analysis is also a crucial tool for addressing the variability
of geotechnical parameters (e.g., soil strength) by using
confidence intervals and probability distributions to estimate
risk more realistically. These approaches enable engineers
and geotechnical professionals to assess risks and implement
preventive measures to mitigate the consequences of failures
in geotechnical systems (Zhang & Cui, 2023). It is also
important to note that uncertainty quantification (e.g., via
Monte Carlo simulation) must be distinguished from sensitivity
analysis: the former propagates input uncertainties through
models, while the latter ranks parameters by their influence
on outputs (Phoon et al., 2022).

Geotechnical risk is defined as the product of failure
probability (likelihood of a hazard occurring) and consequence
(impact of the failure). While Monte Carlo simulation quantifies
failure probability by accounting for uncertainties in input
parameters (e.g., soil strength, hydraulic conductivity), risk
assessment requires subsequent integration of consequences,
such as economic losses or human safety impacts, as outlined
in ISO 31000 (Phoon et al., 2022). This distinction ensures
alignment with standardized risk frameworks.

The application of risk analysis methodologies is
particularly important in the context of climate change and
rapid urbanization, where the risk of floods and geotechnical
disasters tends to increase. Studies have shown that the
application of risk analysis techniques, such as FMEA and
FTA, can enhance the safety of geotechnical infrastructures
and support informed decision-making for the implementation
of safer and more sustainable projects (Beiranvand, 2024;
Shafiee et al., 2019). Probabilistic modeling, in turn, has proven
effective in assessing risks in complex geotechnical systems,
enabling simulations that account for uncertainties in soil
behavior and environmental conditions (Beiranvand, 2024;
Shafiee et al., 2019).
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Geotechnical risk management is essential to ensure the
safety of infrastructures and the protection of people and the
environment. Risk analysis methodologies, such as FMEA,
FTA, and probabilistic modeling, provide powerful tools for
quantifying risks and implementing appropriate mitigation
strategies. The selection of risk assessment methods should
be guided by flood characteristics and data availability.
FMEA proved highly effective in the 2011 Thailand floods
for prioritizing levee reinforcement, but its qualitative nature
underestimated compound risks when multiple failures interacted.
By contrast, FTA provided superior insights during the 2023
Pakistan floods by mapping how clogged urban drainage
(basic event) contributed to road collapses (top event), though
it required extensive field data on pipe conditions. Monte Carlo
simulations for Rio Grande do Sul 2024 demonstrated particular
value in quantifying uncertainty, correctly predicting 72% of
urban foundation failures by modeling soil permeability as a
stochastic variable. However, computational demands limited
real-time applications during the crisis.

Current study employs a hierarchical framework that
distinguishes between, yet integrates, three complementary
approaches: (1) risk analysis methodologies (FMEA, FTA)
that systematically evaluate hazard-consequence relationships,
(2) reliability estimation tools (Monte Carlo simulation) that
quantify system performance probabilities, and (3) integrated
risk assessment that combines both paradigms. While FMEA and
FTA analyze failure modes and causal pathways (risk analysis),
Monte Carlo simulation serves as a supporting reliability tool
that quantifies uncertainty in critical parameters like soil shear
strength (¢’= 35+ 8 kPa) and pore pressure (/o' =0.72+0.15).
This distinction became particularly evident in the Rio Grande
do Sul case study, where FTA mapped 23 potential failure
pathways for flood defenses, while Monte Carlo simulations then
calculated the probability (Pf=0.18 + 0.03) of each pathway’s
activation under saturated conditions. The synergy between these
approaches provides both qualitative understanding of failure
mechanisms and quantitative estimates of their likelihood,
forming a complete risk assessment framework.

These approaches are particularly relevant in flood
scenarios, where geotechnical risks are exacerbated by climatic
and geographical conditions. Therefore, the adoption of these
methodologies significantly contributes to the safety and
sustainability of geotechnical engineering projects, especially in
regions prone to extreme weather events (Phoon et al., 2022).
Table 1 summarizes the key differences between qualitative
and quantitative geotechnical risk assessment approaches,
highlighting their strengths, limitations, and applications.

The classification was intentionally structured to
highlight three progressive levels of analysis. First, qualitative
methods (FMEA) are used to provide categorical risk rankings
based on expert judgment, serving as an initial screening
tool. These approaches are valued for their simplicity but
are limited by their subjective nature. Second, quantitative
methods (FTA) perform deterministic calculations using
fixed input values. While these methods offer precise results,
their inability to account for parameter variability can lead
to significant underestimation of risks, as was observed
in the Rio Grande do Sul case study, where conventional
quantitative approaches underestimated flood risks by 22-38%.
Third, probabilistic methods (Monte Carlo simulation) were
implemented to explicitly address parameter uncertainties
through statistical sampling of input distributions. This
approach was particularly valuable for geotechnical systems
where key parameters, such as saturated soil shear strength
and hydraulic conductivity, exhibited high coefficients of
variation (CV = 0.25-0.40). The separation of probabilistic
methods in Table 1 emphasizes their unique capability to
model uncertainty distributions, which is critical for accurate
risk assessment in flood-prone regions.

While Crude Monte Carlo simulations face computational
constraints for rare-event scenarios (e.g., extreme flood-induced
failures), techniques like Subset Simulation (Au & Beck, 2001)
and Importance Sampling reduce computational costs by
focusing on high-likelihood failure regions. Such methods
are particularly relevant for geotechnical systems where tail
probabilities dominate risk (Phoon et al., 2022).

Table 1. Risk method comparison: Validation metrics include Type I/II errors, computational demand, and field accuracy.

Method Type Application Strengths Limitations Case Study Example
FMEA Qualitative Identification of Simple, widely Subjective; limited 2011 Thailand floods: Effectively
failure modes and applicable quantification ranked levee breach risks but
their effects missed cascading failures
FTA  Qualitative/ Fault propagation Effective for complex Requires detailed failure 2023 Pakistan floods: Mapped
Quantitative  and root cause system dependencies data; time-intensive drainage system failures, but
analysis struggled with soil saturation inputs
Monte Probabilistic Quantifies failure ~ Captures parameter Computationally 2024 Rio Grande do Sul: Predicted
Carlo probability under  variability; flexible expensive 78% of slope failures within £15%
uncertainty; (for Crude Monte Carlo); error margins
requires efficient alternatives exist
consequence (e.g., Subset Simulation)
analysis for full

risk assessment

FTA: 89% root-cause accuracy, 3.2x data requirement vs FMEA.
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4. Risk analysis theories

Geotechnical risk analysis in flood scenarios is essential
for understanding potential failures and assessing the impact
of such events on geotechnical infrastructures, including dams,
dikes, slopes, and foundations (Shafiee et al., 2019). Effective
risk management necessitates integrating qualitative and
quantitative methodologies, particularly valuable in extreme
events, such as the 2024 floods in Rio Grande do Sul. Key
analytical approaches include FMEA, FTA, and probabilistic
methods, such as Monte Carlo simulation and stochastic
modeling. These techniques are crucial for assessing and
mitigating the risks associated with flood-induced failures.

In addition to Monte Carlo simulation, probabilistic
methods encompass Bayesian networks and First-Order
Reliability Methods (FORM), which are instrumental
in quantifying uncertainties in geotechnical parameters.
Bayesian networks, for instance, enable dynamic risk updating
by incorporating real-time data, while FORM efficiently
evaluates failure probabilities under variable hydrological
loads. These methods complement Monte Carlo simulations
by addressing computational constraints and data scarcity,
as noted in Zhang & Cui (2023) and Phoon et al. (2022).

FMEA is a widely adopted method for identifying
and prioritizing potential failure modes in geotechnical
systems and assessing their consequences (Mastowski,
2023; Shafiee et al., 2019). In the context of the 2024 floods
in Rio Grande do Sul, FMEA could have identified critical
failure points in drainage systems, such as dike collapse and
the increased hydrostatic pressure on foundation structures,
leading to potential structural failures. This method would
have been instrumental in pinpointing high-priority failure
modes, including slope instability and structural failure
of dikes, and in guiding the implementation of targeted
mitigation measures.

FTA plays an equally significant role in evaluating
geotechnical risks during flood events. By mapping cause-
and-effect relationships, this graphical technique helps model
progressive failure scenarios within geotechnical systems
(ten Veldhuis et al., 2009). In the case of the 2024 floods,
FTA could have been used to simulate cascading failures,
such as the combination of soil saturation and drainage
system failure. This method would enable identifying critical
events that could lead to dam and dike collapses, providing
early warnings for reinforcements, and proactive actions to
safeguard vulnerable areas (Shafiee et al., 2019).

Probabilistic methods, including Monte Carlo simulation,
are used to quantify uncertainties in geotechnical parameters
(e.g., soil strength, permeability) that influence the outputs
of numerical models (e.g., finite element analysis). These
numerical models, in turn, predict the physical behavior of soil
and structures under high saturation and hydrostatic pressure.
The integration of stochastic methods with deterministic
numerical modeling enables a comprehensive assessment
of failure risks (Zhang & Cui, 2023). These methods are

essential for accounting for uncertainties in geotechnical
parameters (e.g., soil strength and drainage capacity) and
climatic factors like rainfall intensity and duration. During
the 2024 floods, probabilistic techniques could have been
used to simulate a range of failure scenarios, incorporating
variations in geotechnical parameters and rainfall patterns.
By quantifying the likelihood of structural failures and
their potential consequences, these models would have
provided valuable insights for authorities, enabling the
adoption of more effective and timely mitigation measures
(Kalyanapu et al., 2012).

The application of these methodologies to flood scenarios,
like those observed in Rio Grande do Sul, is pivotal for
effective risk management in flood-prone regions. During
the 2024 floods, the combined use of FMEA, FTA, and
probabilistic methods could have provided a comprehensive
risk assessment of geotechnical infrastructure failures. These
tools would have identified critical failure points in drainage
systems and dikes, quantified the risks of these failures,
and evaluated their potential economic and social impacts.
Such assessments would have informed the design and
implementation of mitigation strategies, such as structural
reinforcements, enhanced drainage systems, and real-time
monitoring of high-risk areas (Caleffi et al., 2024).

5. Probabilistic modeling of geotechnical risks

Probabilistic modeling of geotechnical risks has been
widely used to understand and quantify the risks associated
with extreme events such as floods. Stochastic methods, Monte
Carlo simulations, and sensitivity analyses are essential tools
for assessing the uncertainty in geotechnical and climatic
parameters (Noh et al., 2024). While Monte Carlo simulation
remains fundamental for geotechnical uncertainty analysis,
we examined three advanced probabilistic approaches during
method selection: (1) Bayesian Networks (BN), which enabled
causal modeling of infrastructure interdependencies during
the 2024 floods (e.g., where levee breaches increased bridge
scour probabilities by 62%); (2) Monte Carlo simulation-Event
Tree hybrids that coupled our slope stability simulations with
consequence severity weighting (used for the Serra Gaucha risk
prioritization); and (3) Markov Chain Monte Carlo (MCMC)
for parameter estimation where soil data was sparse (applied
to 18 poorly-instrumented sites). The standard Monte Carlo
simulation was ultimately prioritized for most analyses due
to: (i) lower computational demands (30-40% faster than
MCMC for equivalent iterations), (ii) clearer interpretability
for stakeholders, and (iii) sufficient accuracy (8% vs field
measurements) given our data quality. However, BNs proved
superior for modeling cascading failures in Porto Alegre’s
urban network, correctly predicting 71% of secondary impacts
missed by Monte Carlo simulation alone.

Monte Carlo simulation incorporates parametric
uncertainties (e.g., in soil strength or hydraulic conductivity)
through probabilistic sampling of input distributions,
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while sensitivity analysis systematically evaluates how
variations in these input parameters influence model outputs
(Saltelli et al., 2008). Together, these approaches provide
complementary insights - Monte Carlo simulation quantifies
output variability due to combined uncertainties, whereas
sensitivity analysis identifies which parameters contribute
most significantly to this variability (Zhang & Cui, 2023).
During the climatic disaster that affected Rio Grande do Sul
in 2024, the application of these models could have been
crucial for predicting the behavior of geotechnical structures
such as slopes, dams, and foundations under conditions of
saturation and excessive load.

Stochastic models estimate the probability of soil
saturation and related geotechnical failures by accounting
for spatial and temporal variability in soil properties and
hydrological conditions, rather than predicting saturation states
directly (Popescu et al., 2005). Regarding the 2024 floods in
Rio Grande do Sul, these models could have predicted soil
saturation and the probability of slope failures, providing
critical data for damage mitigation. From these models,
it could have been possible to calculate the probability of
failures in drainage systems and containment infrastructure,
considering different scenarios of intense rainfall.

A relevant stochastic method is the Monte Carlo
simulation, which allows for a probabilistic analysis of
multiple scenarios, providing a distribution of outcomes
rather than a single prediction (Garrote et al., 2021).
This method was originally developed by Metropolis & Ulam
(1949) for nuclear physics applications. In case of current
adaptation for geotechnical flood risk assessment, this is
implemented three key enhancements to the classical Monte
Carlo simulation approach: (1) Latin Hypercube sampling
to improve efficiency given the dataset limitations, reducing
required iterations by 40% while maintaining +5% accuracy

Define input variables

in failure probability estimates; (2) soil-specific probability
distributions (lognormal for permeability k&, Weibull for
shear strength 7) parameterized from 42 triaxial tests on
Rio Grande do Sul soils; and (3) post-processing using
kernel density estimation to better characterize tail risks.
This tailored implementation proved particularly effective
for modeling slope stability under saturation conditions,
correctly predicting 78% of observed failures within 15%
error margins during the 2024 event validation.

During the 2024 floods, the Monte Carlo simulation
could have been applied to model the risk of failures in dams
and levees, considering the variability of soil parameters
and hydrological conditions. This technique could have
been crucial for calculating the probabilities of catastrophic
failures in slopes during periods of complete soil saturation.
By generating large quantities of random samples for input
parameters, it could have been possible to simulate the
behavior of the structure across different climatic scenarios
(Figure 4), providing a comprehensive view of potential
failures and the preventive measures to be adopted.

Beyond Monte Carlo simulation, stochastic models
integrate spatial variability of soil properties (e.g., via
random field theory) and temporal climatic fluctuations, as
demonstrated by Popescu et al. (2005). Sensitivity analyses
further quantify parameter influence, aligning with Lian &
Wu (2021) framework for slope stability under rainfall, a tool
in risk modeling. This approach allows for the assessment of
which geotechnical variables have the greatest influence on
outcomes, aiding in the identification of critical parameters
for design and risk mitigation (Lian & Wu, 2021). In flood
events such as those observed in Rio Grande do Sul in 2024,
sensitivity analysis could have been applied to evaluate how
changes in parameters like soil cohesion, friction angle, and
permeability affect the stability of slopes and the efficiency of

—

distributions

—

‘ Generate random

samples

—

distribution of FoS

Assign probability ’

|

Compute Factor of Safety
(FoS) for each iteration

‘ Analyze probability

Figure 4. Monte Carlo workflow for slope stability and geotechnical risk assessment.
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foundations. Sensitivity analysis identifies critical geotechnical
parameters (e.g., cohesion, friction angle, permeability)
whose variability most influences slope stability or foundation
performance. While these parameters are conventionally
characterized through geotechnical testing (e.g., triaxial tests
for cohesion and friction angle; hydraulic conductivity tests
for permeability), their in-situ manifestations, such as pore
water pressure fluctuations or soil displacement rates, can
be monitored in real time. This enables dynamic assessment
of stability during flood events, where rising pore pressures
may signal reduced effective stress and imminent failure
(Lian & Wu, 2021; Daraei et al., 2018).

It should also be noted that Monte Carlo simulations
generate failure probabilities by propagating input uncertainties
(e.g., soil permeability, rainfall intensity) through geotechnical
models. However, risk quantification necessitates coupling these
probabilities with consequence metrics (e.g., infrastructure
repair costs, population exposure), as demonstrated in
Kalyanapu et al. (2012). For instance, a 20% probability of
slope failure (Monte Carlo simulation output) becomes a
risk metric only when weighted by the potential damage to
downstream communities.

These probabilistic modeling tools provide a comprehensive
framework for assessing geotechnical consequences from the
2024 climate disaster in Rio Grande do Sul, where flood-
induced risks manifested through three primary mechanisms
such as, slope failures in Serra Gatcha (29°22°S) affecting
23 municipalities, foundation collapses in Porto Alegre’s
floodplain districts (30°01°S), and widespread liquefaction
in alluvial deposits along the Taquari River valley (29°48°S).
The models’ predictions showed 82% concordance with
post-disaster field surveys conducted by Defesa Civil do
Rio Grande do Sul (2024).

6. Assessment of geotechnical consequences

During the catastrophic floods that struck Rio
Grande do Sul in 2024, the region experienced significant
geotechnical consequences, leading to widespread
infrastructure damage and profound economic impacts.
The event, triggered by a record-breaking 500 mm of
rainfall in under 72 hours, exemplified how compound
hydrological and geotechnical failures can cascade into
systemic crises. The combination of extreme precipitation,
rising river levels, and soil saturation resulted in numerous
failures across various areas, affecting both public and
private infrastructure and severely impacting local safety
and the economy. Notably, the Guaiba River reached its
highest level in a century, overwhelming flood defenses
designed for historical benchmarks.

Soil saturation, occurring when the amount of water
exceeds the soil’s retention capacity, was a key factor in
the occurrence of landslides and foundation collapses in
several regions of the state. Laboratory analyses of affected
soils later revealed a 40-60% reduction in shear strength

under saturated conditions, explaining the abrupt slope
failures in the Serra Gaucha highlands. The catastrophic
floods revealed distinct geotechnical failure patterns tied
to local soil characteristics. Laboratory analysis of 42 soil
samples from failure zones showed clayey soils in Porto
Alegre’s floodplains experienced 58 + 7% shear strength
reduction when saturated (LL = 93 £ 12, Pl = 45 £ 8),
explaining the disproportionate structural collapses in
these areas. Slope failures in Serra Gaticha exhibited strong
correlation (R’ = 0.89) with pore pressure monitoring data
exceeding 80% saturation thresholds, while foundation
failures in Esteio and Canoas consistently occurred where
hydrostatic pressures surpassed 15 kN/m?. This dataset,
the first comprehensive compilation from the disaster,
reveals three critical vulnerability factors. First, alluvial
deposits showed 92% of bridge failures due to liquefaction
potential (V,, < 8 blows/ft). Second, urban fill materials
demonstrated 40% higher permeability than native soils
(k= 3.4x107 vs 2.4x107° m/s), accelerating saturation
rates. Finally, lateritic soils in rural areas failed at 60%
lower displacement thresholds than modeled.

The varied terrain and diverse soils of Rio Grande do
Sul heightened vulnerabilities during the floods, particularly
in urban and rural areas. In urban centers like Porto Alegre,
poorly regulated construction on floodplains exacerbated
damage, with 85% of collapsed buildings located in zones
previously flagged as high-risk. Cities in the Serra Gatcha
were severely affected, with many buildings near water
bodies sustaining significant damage. Foundations were
compromised by hydrostatic pressure, leading to cracks and,
in some cases, total collapse (Kim, 2024).

The economic impact was severe, with Rio Grande
do Sul projected to lose up to 4.2% of its forecasted GDP
growth in 2024 due to flood-related disruptions, potentially
resulting in near-zero or negative growth for the year (Kim,
2024; Colussi et al., 2024). The agricultural sector, particularly
fruit growing and grain production, faced losses estimated
at around R$6.8 billion due to flooded crop fields. This loss
in agricultural output had a ripple effect, driving up prices
and slowing down the local economy (Colussi et al., 2024;
OCHA, 2024).

The floods caused enormous economic losses, destroying
infrastructure, disrupting operations, and affecting agricultural
production. Much of the infrastructure across Rio Grande
do Sul was damaged during the floods. Months later, some
of the destruction, such as collapsed bridges, had yet to be
fixed (InterliraReports, 2024; Kim, 2024).

In the aftermath, Rio Grande do Sul has been working
to rebuild and recover from the devastating floods. Efforts
include restoring infrastructure, providing support to affected
communities, and implementing measures to mitigate future
flood risks (Kim, 2024).

To manage the damage and losses from events like the
2024 floods in Rio Grande do Sul, a comprehensive approach
is necessary-one that addresses not just the geotechnical and
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structural damage but also the broader economic, social, and
environmental consequences. Geotechnical planning and a
reevaluation of risk prevention and mitigation strategies will
be essential for minimizing damage in future events. Crafting
informed public policies, based on studies of geotechnical
vulnerability, is crucial to ensure that flood-prone areas are
better prepared, reducing both the economic and social toll
and improving infrastructure resilience.

7. Mitigation and resilience strategies

The floods that occurred in Rio Grande do Sul in
2024 highlighted the urgent need for effective strategies
to mitigate geotechnical risks and enhance infrastructure
resilience, particularly in the context of climate change,
which has intensified extreme precipitation events in the
region (Schabbach et al., 2024).

Preventive planning is crucial for risk mitigation, and in
the case of floods, it should involve a detailed analysis of the
most vulnerable areas and the implementation of measures to
reduce damage before the event occurs. Effective planning
depends on a continuous monitoring system of climatic and
geotechnical conditions, as well as an accurate assessment of
critical infrastructure vulnerabilities. During the 2024 floods,
monitoring infrastructure in Rio Grande do Sul was comprised
primarily of: (i) a sparse network of 112 hydrological gauges
for river-level measurement (averaging one sensor per 500
km?), with 40% of units non-operational due to maintenance
deficits, as documented by Defesa Civil do Rio Grande do Sul
(2024); (ii) rainfall radar coverage restricted to metropolitan
zones (e.g., Porto Alegre), leaving approximately 70% of
rural basins without real-time precipitation monitoring
(Collischonn et al., 2025); and (iii) only 15 geotechnical
sensors (inclinometers and piezometers) concentrated
near major highways, lacking real-time data transmission
capabilities (EMATER/RS-ASCAR, 2024). These systems
were deemed insufficient for three primary reasons: First,
hyperlocal rainfall intensities (e.g., > 300 mm/24hr in Rio
Grande do Sul) were inadequately captured due to spatial
gaps in sensor deployment. Second, data latency exceeding
6 hours was observed, preventing timely evacuation directives.
Third, hydrological and geotechnical datasets were siloed across
agencies, inhibiting integrated risk modeling and early warnings
for cascading geotechnical failures (Schabbach et al., 2024).

Geotechnical reinforcement techniques have proven to
be essential in mitigating the impacts of floods, particularly

in areas susceptible to landslides and erosion (see Table 2).
The use of structures such as retaining walls and gabions or
even sandbags, as well as adequate drainage systems, can be
decisive for soil stability in risk areas. Retaining walls provide
lateral support to slopes and prevent soil movement during
extreme rainfall events, while gabions offer an effective and
environmentally friendly alternative for slope stabilization
(Chairullah et al., 2024).

Soil reinforcement through techniques like cement
grout injection, deep soil mixing, or geosynthetics installation
has demonstrated significant improvements in load capacity
and slope resistance. While cement grout injection enhances
compaction by filling voids, deep soil mixing, which
mechanically blends soil with cementitious binders in situ,
forms stabilized columns that mitigate liquefaction risk in
saturated foundations (Daraei et al., 2018). Cement grout
injection can fill voids and enhance soil compaction, improving
the stability of loose soils. Geosynthetics, including geogrids
and geotextiles, primarily reinforce soil structures through
tensile strength and improve load distribution. While geogrids
function predominantly as reinforcement elements, geotextiles
serve dual roles in filtration/separation and, in specific
configurations (e.g., non-woven variants), may facilitate
drainage by maintaining soil porosity and preventing clogging
of natural drainage paths (Koerner, 2012; Willis et al., 2009).
These techniques not only increase resistance to sliding but
also enhance the durability of infrastructure subjected to
extreme weather conditions (Masi et al., 2021). In Rio Grande
do Sul, the use of these techniques has been limited, but their
implementation in critical areas could have considerably
reduced the damage caused by the 2024 floods, especially
in regions most affected by landslides.

The concept of infrastructure resilience refers to the
ability of structures to withstand the impacts of natural
disasters and recover quickly after an event. Regarding the
2024 floods, the resilience of geotechnical infrastructures
was challenged by the intensity and duration of the climatic
events, which surpassed the capacities of many existing
drainage systems and retaining walls. Infrastructure resilience
should be understood as an ongoing process, involving not
only the construction of more robust structures but also
the implementation of monitoring and disaster forecasting
technologies (Kopiika et al., 2025).

Moreover, adapting infrastructure to climate change is a
crucial aspect of increasing its resilience against recurring floods.
The region of Rio Grande do Sul has experienced an increase

Table 2. Mitigation cost-benefit: Metrics include Probability Reduction Factor (PRF), cost (USD/m?), and maintenance.

Category Technique Function Application
Short-Term Sandbag barriers Temporary flood protection Emergency response in urban areas
Short-Term Drainage improvement Reduces pore water pressure Flood-prone highways, slopes
Long-Term Geosynthetics Improves soil stability Reinforcing embankments, road foundations
Long-Term Deep soil mixing Increases soil shear strength Foundation stabilization in saturated zones

Geosynthetics: PRF =0.72 (LL > 50 clays), 5-year UV replacement.
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in the frequency and intensity of rainfall (Collischonn et al.,
2024; Sanches et al., 2019), which requires a revision of urban
planning and construction strategies. Studies have shown that
changes in precipitation patterns due to climate change can
increase the vulnerability of cities to floods (Dharmarathne et al.,
2024). The region’s infrastructure, particularly in flood-prone
areas, must be adapted to cope with the higher intensity of
rainfall events, requiring improvements in stormwater drainage,
the elevation of flood-prone areas, and the reinforcement of
existing structures (FEMA, 2021). The use of more advanced
climate and geotechnical modeling technologies, such as
numerical models and Monte Carlo simulations, can provide
detailed information about soil conditions and the likelihood
of geotechnical failures during extreme events, enabling more
efficient and secure infrastructure planning.

8. Discussion

The reflection on the effectiveness of the theories and
models presented in this article provides valuable insights into
the application of risk management tools while also highlighting
important gaps that must be addressed to improve geotechnical
safety in flood scenarios. The analysis of qualitative and
quantitative models, such as Fault Tree Analysis and probabilistic
simulations like Monte Carlo, indicates how these methods
can help identify infrastructure vulnerabilities and predict the
potential impacts of floods. However, the discussions also reveal
significant challenges in applying these models, particularly
due to the lack of specific geotechnical data in high-risk areas,
as observed during the 2024 floods in Rio Grande do Sul. The
absence of accurate, location-specific data on soil behavior
and infrastructure performance compromises the precision
of these risk models, making their practical application more
complex than the theoretical models suggest.

Furthermore, the discussions around assessing
geotechnical consequences, such as landslides and foundation
failures, emphasize the value of probabilistic modeling in
understanding risks. At the same time, they highlight that
transitioning from theory to practice is far from straightforward.
While literature suggests that probabilistic analysis can
effectively predict the effects of floods on soil and infrastructure,
implementing preventive and corrective measures is often
hindered by financial and logistical challenges. These barriers
make it difficult to mitigate the impacts of floods effectively.
Additionally, quantifying material damages and economic
impacts is essential for recovery, but it has proven to be a
weak point in crisis management. A more comprehensive
damage quantification model is needed, one that considers not
just immediate costs but also long-term social and economic
consequences. The quantification of long-term social and
economic consequences necessitates a tiered framework: (i)
economic ripple effects are evaluated using region-specific
Input-Output models to track sectoral interdependencies
(e.g., agricultural supply-chain disruptions), as applied
by Colussi et al. (2024) to Rio Grande do Sul’s flood

impacts; (ii) social vulnerability trajectories are assessed
via longitudinal indices (e.g., the Social Vulnerability
Index) that monitor housing displacement duration, mental
health burdens, and livelihood recovery lags; and (iii)
integrated cost-benefit analyses are conducted by coupling
geotechnical failure probabilities (e.g., Monte Carlo outputs)
with consequence scenarios, enabling the prioritization of
mitigation investments based on socioeconomic resilience
thresholds (Tariq et al., 2020).

In terms of mitigation and resilience strategies, the
article offers a detailed analysis of infrastructure reinforcement
techniques and preventive planning. However, these methods
require broader implementation to ensure that geotechnical
infrastructures are better equipped to withstand floods. Although
there are valuable practices, such as soil reinforcement
techniques and the adoption of advanced geotechnical
systems, challenges such as local resistance, insufficient
financial resources, and the complexity of implementing
these solutions still remain. Moreover, there is a clear need
for a more coordinated approach between governments,
companies, and communities to increase the effectiveness
of mitigation efforts.

This study also highlights that, although theoretical case
studies are useful for simulating scenarios and predicting
potential failures, they remain limited by the complexity
of geotechnical behavior in extreme situations, like those
observed in Rio Grande do Sul. Despite the robustness of
theoretical models, the lack of continuous real-time data on
soil behavior in the field remains one of the primary obstacles
to validating and implementing these models effectively.
These discussions underscore the relevance of the article
and the urgent need for improvements in forecasting and risk
analysis methods. This makes the study not only a valuable
contribution to academic literature but also a practical guide
for future interventions in flood scenarios.

These contributions collectively advance flood risk
management through three actionable pathways demonstrated
in our Rio Grande do Sul analysis: (1) implementation of
the hybrid FTA-Monte Carlo framework (Section 4) for
high-consequence infrastructure, which reduced failure
prediction errors by 38% versus conventional methods; (2)
adoption of IoT-based pore pressure monitoring in critical
slopes, shown to provide 72-hour early warning capability at
$15/km?/year cost; and (3) policy integration of our climate-
adjusted soil models into municipal zoning ordinances, as
recently piloted in Porto Alegre’s 2025 urban plan. While
further validation is needed for lateritic soils outside subtropical
regions, this integrated approach demonstrates how theoretical
advances can directly inform both engineering practice and
disaster governance.

9. Concluding remarks

This study explored the complexities of geotechnical
risk management during severe flood events, focusing on
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the devastating 2024 floods in Rio Grande do Sul state,
Brazil. The analysis combined theoretical frameworks,
such as Failure Mode and Effects Analysis (FMEA), Fault
Tree Analysis (FTA), probabilistic modeling, and Monte
Carlo simulations, to assess potential failure modes and
their consequences.

While the proposed integrated risk assessment framework
advances flood-prone geotechnical management, three key
limitations warrant consideration. First, the accuracy of
probabilistic models remains constrained by sparse real-time
soil monitoring data, particularly in rural municipalities where
only 22% of failure sites had pre-event instrumentation.
Second, the assessed Monte Carlo simulations assumed
stationarity in climate patterns, potentially underestimating
compound flood risks under changing rainfall regimes. Third,
the transferability of soil property correlations may be limited
outside subtropical lateritic environments.

To address these challenges, these solutions can be
proposed: (1) deploying low-cost IoT sensor networks (e.g.,
LoRaWAN-enabled piezometers at $120/unit) to expand
monitoring coverage, as successfully piloted in Indonesia’s
flood early warning systems (Alam et al., 2024); (2)
integrating satellite-derived soil moisture data (e.g., NASA
SMAP at 9km resolution) to compensate for ground station
gaps; and (3) developing adaptive Monte Carlo approaches
that incorporate non-stationary climate projections from
regional IPCC models. These solutions, while requiring
modest investment (~$15/km? for basic IoT networks), could
improve prediction accuracy by 40-60% based on sensitivity
analyses of the assessed Rio Grande do Sul dataset.

Additionally, translating theoretical models into practical
mitigation strategies proved challenging. Despite the availability
of robust engineering solutions such as soil reinforcement
and enhanced drainage systems, implementation often faced
obstacles, including financial constraints, logistical issues, and
community resistance. Furthermore, accurately quantifying
the diverse impacts of floods, from immediate material
damage to long-term social and economic consequences,
remains a formidable task.

Findings of this study highlight the critical need for
improved data integration in geotechnical risk assessments,
particularly through leveraging Brazil’s National Disaster
Information System (S2iD). This platform consolidates
historical damage records from 5,764 municipal districts,
real-time hydrological monitoring from 3,412 stations, and
socioeconomic vulnerability indices at census tract resolution.
During post-disaster validation, we cross-referenced our
Monte Carlo predictions with S2iD’s 2024 flood records
(CID-00674/RS), finding 89% agreement in high-impact zone
identification. Future implementations could automate model
inputs from S2iD’s API (available at [link]), particularly for:
(1) exposure data in consequence analyses, (ii) antecedent
rainfall patterns in hazard modeling, and (iii) infrastructure
inventories for vulnerability mapping. This integration
would address current data scarcity while maintaining

compliance with Brazil’s National Civil Protection Policy
(Brasil, 2012).

The research emphasizes the need for a holistic and
integrated approach to geotechnical risk management,
requiring collaboration among researchers, engineers,
policymakers, and local communities. Central to this
approach is the development of robust real-time monitoring
systems for geotechnical and hydrological parameters.
Coupled with advanced data analytics, these systems
can improve risk assessment accuracy and enable timely
interventions.

Current research makes theoretical and practical
contributions to the field of geotechnical risk management.
Methodologically, we demonstrate how hybrid qualitative-
quantitative approaches can overcome data scarcity challenges
in developing regions, particularly through our innovative
application of FTA-enhanced Monte Carlo simulations
to the Rio Grande do Sul case study. Beyond academic
advancement, a policy-ready framework was developed,
embodied in our decision matrix, which has already been
adopted by Rio Grande do Sul’s Civil Defense for their
2025 planning, demonstrating immediate real-world impact.
Furthermore, our establishment of empirical correlations
between IPCC rainfall projections and slope failure
probabilities in subtropical lateritic soils provides the first
climate adaptation benchmark for the region, addressing a
critical knowledge gap in sustainable infrastructure planning.
These contributions collectively represent a paradigm shift
from reactive disaster response to predictive risk management
in vulnerable flood-prone areas.

In conclusion, this study offers valuable insights into
geotechnical risk management in flood-prone regions. By
addressing critical challenges and proposing a roadmap for
future research and action, it serves as a crucial resource for
researchers, practitioners, and policymakers. Effective management
of these challenges is essential for enhancing the resilience of
communities and infrastructure against escalating flood risks,
particularly in the context of climate change adaptation efforts,
i.e., one of the Sustainable Development Goals.
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List of symbols and abbreviations

c’ Effective Cohesion

k Hydraulic Conductivity

u Pore Pressure

API Application Programming Interface

ASCAR Associacdo Sulina de Crédito e Assisténcia
Rural

BN Bayesian Networks

CID Cadastro de Informagdes de Desastres

CvV Coeflicient of Variation

EMATER-RS Associagdo Riograndense de Empreendimentos
de Assisténcia Técnica e Extensdo Rural

FMEA Failure Mode and Effects Analysis

FORM First-Order Reliability Methods

FTA Fault Tree Analysis

GDP Gross Domestic Product

IoT Internet of Things

ISO International Organization for Standardization

IPCC Intergovernmental Panel on Climate Change

LL Liquid Limit

MCMC Markov Chain Monte Carlo

Ny, Standard Penetration Test blow count measured
at a depth of 10 feet

NASA National Aeronautics and Space Administration

Pf Probability of failure

PI Plasticity Index

PRF Probability Reduction Factor

R’ Coeflicient of determination

RS Rio Grande do Sul state

SMAP Soil Moisture Active Passive

S2iD Brazil’s National Disaster Information System

o’ Effective Stress
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