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ARTICLE INFO ABSTRACT

Keywords: In mountainous regions, protection infrastructures designed to mitigate the impacts of torrential
check dams floods often consist of a complex system of several structural components (check dams). Over
failure dependencies time, the efficacy of this system in protecting downstream assets diminishes as the structural
bidirectional interactions components deteriorate. The extent of deterioration is influenced by the interdependencies be-
deterioration process tween the failure modes of individual components, as well as those between multiple components
stochastic modeling of the system. Understanding and quantifying the chain of failure events, known as cascading
maintenance decision-making effects, is a critical scientific challenge that remains largely unexplored. In this study, we propose
torrential floods a novel approach that employs physics-based models to examine the deterioration of a series

of check dams over time, while considering failure dependencies and bidirectional interactions
between consecutive dams. The results obtained from this approach reveals that the absence of a
downstream dam accelerates the deterioration rate of upstream dams, while its presence serves
to stabilize them. We further incorporate stochastic deterioration and maintenance processes
using Stochastic Petri nets to support decision-making regarding maintenance actions for each
dam, while also considering economic factors. Strategies involving minor operations achieved
cost-effectiveness and prolonged satisfactory performance of the dams, with notable impacts
from upstream and downstream dam presence on maintenance costs. We illustrate our approach
using a case study of the Faucon torrent in France, where we model the deterioration of three
consecutive check dams subjected to torrential floods over a period of 100 years.

1. Introduction

Torrential hazards such as floods, debris flows, and landslides, are very destructive. In French Alps, statistical
analysis has shown an increased frequency of torrential hazards since 1970 (Einhorn et al., 2015). Indeed, a
considerable number of recent recorded torrential events has resulted in severe direct (destruction) and indirect
(infrastructure disruption) damage, which in turn led to enormous economic loss. In France, structural protection
measures (e.g., check dams, debris retention dams, dykes) are revealed to be very efficient in providing protection
against torrential hazards. Since they guarantee the safety of people and protect socio-economic issues, protection
systems are considered critical infrastructures that should always withstand and operate efficiently. The complex and
hidden dependencies between the operation, deterioration, and total failure of protection systems make it difficult for
their managers to properly estimate their efficacy and make optimal management (e.g., maintenance) decisions.

Modeling and analyzing cascading effects across an infrastructure system is one of the most challenging issues
in critical infrastructure management (Duefias-Osorio and Vemuru, 2009; Ouyang, 2014; Sharma and Gardoni, 2022;
Zhao et al., 2023). Cascading effects, also known as “domino effects" have emerged as a field of scientific research
in recent years. They are defined as a chain of dependent events induced by cause-effect relationships (?). In other
words, an initial event can trigger other events, which in turn trigger consequences of varying magnitudes and severity
(Pescaroli and Alexander, 2016). Cascading effects are multidimensional and evolve constantly over time, making
them complex and difficult to assess and analyze. While the probability of such events is low, their occurrence can
lead to catastrophic consequences for different infrastructure systems, the environment, and society as a whole. This
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Deterioration and Maintenance Modeling of Interdependent Check Dams

highlights the need to develop models and simulation tools that incorporate cascading effects analyses, enabling a
credible assessment of the inevitable and sometimes unforeseen chain of events that could occur due to an initial event.

Like any other critical infrastructure system, the partial or total destruction of protection structures would pose a
significant threat to society. Over their lifetime, protection structures can deteriorate due to the direct impact of the
hazards they resist or indirectly from geomorphic activity (e.g., erosion, deposition) that occurs after each event. As a
result, protection structures may experience various types of interdependent failure modes that can have local or distant
impacts on their ability to protect downstream elements at risk (Chahrour et al., 2021, 2022; Pol et al., 2023). Without
regular inspection and maintenance, their deterioration could lead to complete failure, increasing the risk posed by
natural hazards. However, the French State provides limited monetary budgets for the management of these structures,
forcing managers to establish priorities for maintenance and to distribute available budgetary resources effectively.
Several research studies have been dedicated to developing models for prioritizing maintenance actions, considering
budgetary constraints, across different types of structural systems including bridges, offshore platforms, flood defences,
and wind turbines (Barone and Frangopol, 2014; Chen and Mehrabani, 2019; Morato et al., 2022; Vieira et al., 2022;
Saleh et al., 2023; Li et al., 2023).

Until recently, the level of deterioration of protection structures in mountains is assessed through visual inspection
(Carladous et al., 2019). The primary sources of information used by managers for making decisions about maintenance
strategies are photographs and written reports provided by experts following inspection visits. While visual inspection
provides information about the type and level of deterioration in real-time, it only captures a specific moment in time,
limiting managers’ ability to have a dynamic view of the structure’s deterioration over its lifetime. Additionally, the
underlying physics behind deterioration mechanisms, triggers of deterioration and the dependencies between failure
modes cannot be detected or known during visual inspection. This missing information prevents decision-makers from
having a comprehensive understanding of the situation necessary for making optimal management decisions.

Chahrour et al. (2021) and Chahrour et al. (2022) were the first to deal with the dynamic behavior of torrent
protection structures when subjected to deterioration mechanisms and maintenance operations over their lifetime.
Their research specifically considered check dams and debris retention systems, which are critical types of protection
structures. The authors developed scenario-driven physics-based models to study the deterioration process of each
case when subjected to torrential floods and debris flows, respectively. They also developed a decision-aiding model
using stochastic Petri net tools (Aubry et al., 2016) to assess different maintenance strategies considering the total cost
of each strategy. However, the deterioration trajectories were obtained while only considering interactions between
different types of failures. In reality, protection structures do not function separately; they are grouped into an integrated
system of interdependent components. Each component’s behavior depends on other components based on existing
bidirectional dependencies. For example, Chahrour et al. (2021) modeled the deterioration of a single cantilever check
dam while considering the evolution of scouring under the foundation of the dam after a series of clear water floods
and the loss in its external stability triggered due to the formation of a scour whole under its foundation. Nevertheless,
several check dams are implemented in series in the flow channel of the torrent aiming to participate collaboratively
in resisting torrential floods and protecting socio-economic issues. The presence of a dam upstream or downstream of
another dam can limit the deterioration of the latter, while partial or total failure of one dam can negatively influence
other consecutive dams. Therefore, a more comprehensive approach is needed to evaluate the efficacy of interconnected
check dams and to prioritize maintenance strategies.

This study aims to build upon and expand the work conducted by Chahrour et al. (2021) incorporating bidirectional
dependencies between check dams when modeling the deterioration of each individual dam. In fact, practitioners
possess valuable empirical knowledge regarding the existence of these dependencies, while the contribution in this
study lies in developing a model that objectively captures and quantifies these dependencies. This model serves as a
robust decision-making tool, offering an advantage over relying solely on empirical knowledge for decision support.
The primary objective is to consider a multi-component protection system composed of several dams and to model the
deterioration of each dam from a structural standpoint in two different situations: (1) the presence of other dams and
(2) the absence of other dams. To achieve this goal, a physics-based model will be developed to simulate the evolution
of selected degradation indicators, both dependent and independent, in each of the defined situations. Subsequently,
a decision-aiding model will be constructed using stochastic Petri nets (SPNs) to represent various maintenance
strategies. This model will assist in supporting maintenance decision-making within the check dam management
process.

In the realm of enhancing safety and reliability in complex technological systems, this study contributes signifi-
cantly by addressing the fundamental challenge of understanding and quantifying cascading effects within protection
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systems. It offers insights into the relative deterioration rates among check dam system components, emphasizing the
interconnectedness and interdependencies between check dams. Leveraging Stochastic Petri Nets (SPNs), it integrates
deterioration and maintenance processes, facilitating informed decision-making for maintenance actions, thereby
ensuring a more reliable and effective approach to ensure the protection system’s safety. Furthermore, it thoroughly
explores a real case study to evaluate the effects of various maintenance strategies on the reliability of check dam
systems, ultimately reducing uncertainty for decision-makers managing complex protection systems, a pivotal element
in enhancing its safety and reliability. Indeed, by conducting such analyses, decision-makers will be able to effectively
address key questions, such as the frequency of overall system inspections, the most crucial degradation indicators
for diagnosis, which dam is the most critical and requires priority repair, optimal timing for maintenance actions
and which specific maintenance operations should be employed considering the current level of degradation (minor,
major, or corrective). The answers to the previous questions are the most necessary information required for optimizing
maintenance strategies and respecting available budgets allocated to these systems.

This paper is organized as follows: Section 1 provides an overview of the general context, objectives, and main
contributions behind this research. Section 2 offers a brief summary of the existing literature on cascading effects
and the methods used to model this phenomenon in the context of natural hazards and torrent protection structures.
Section 3 outlines the proposed methodology for modeling the deterioration of check dams and supporting maintenance
decision-making while considering cascading effects. Section 4 presents a real case study, including the obtained results
and corresponding discussions. Finally, Section 5 presents the general conclusions drawn from the study.

2. Cascading Effects Analysis in Torrential Risk Context

Torrents are mountain streams characterized by short and narrow valleys, steep slopes (> 6 %), and high
geomorphic activity due to sediment transport (Bernard, 1925). Torrential watersheds frequently experience high-
intensity precipitation events that are typically localized to small areas. Consequently, rapid and destructive flows, such
as clear water floods and debris flows, are generated. These so-called torrential events are gravitational phenomena that
propagate from the upstream to the downstream of the watershed. They have the capability to erode and destabilize
banks, transport sediment, and deposit materials on fans and into the downstream main rivers. These processes are
governed by the geomorphological dynamics and the topographic characteristics of the torrential watershed.

2.1. Check Dams in Torrential Watersheds

Torrential watersheds are composed of three main parts: the upstream receiving basin, the flow channel, and the
downstream alluvial fan (fig. 1a). These components are associated with the processes of material production, transfer,
and deposition (Surell, 1841). In France, check dams are the most commonly used type of protection structures in
mountainous regions, with the majority of French torrents featuring over 100 check dams. Check dams are civil
engineering structures (cantilever or gravity dams). Gravity check dams are generally composed of three main elements:
a trapezoidal hydraulic spillway, a central body, and lateral wings (fig. 1¢). They are often implemented in a series along
the flow channel of a torrential watershed , with a specific distance separating them, (fig. 1b) to collaboratively achieve
specific functions (fig. 1d), such as stabilizing longitudinal and transverse profiles, reducing the slope of the torrent
bed, and redirecting the flow to minimize lateral erosion of banks (Piton et al., 2017). Although check dams resemble
traditional retaining walls, they incorporate additional hydraulic functions. Therefore, their design typically involves
two criteria (fig. 1e): classical structural analysis and functional analysis considering torrential hydraulics (Tacnet and
Degoutte, 2013).

In the field of structural design for check dams, Deymier et al. (1995) has provided a technical reference document
that adapts classical civil engineering stability justifications to the specific requirements of torrent protection structures,
taking into account factors such as geotechnical characteristics and loading conditions. Throughout their lifespan, the
efficacy of check dams gradually diminishes due to various types of potential failures. These failures manifest as
indicators that emerge and evolve over time as a result of structural aging, geomorphic activity (such as deposition
and erosion) occurring adjacent to or beneath the check dams, and the impact of torrential hazards on the structures.
To ensure the safety and longevity of check dams, as well as to safeguard socio-economic interests, the French state
has implemented a policy known as ONF-RTM (Office national des foréts - Restauration des terrains en montagne).
This policy aims to propose protective measures, oversee their implementation across the country, and assess their
long-term efficacy.
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Figure 1: General context of torrent check dams: (a) illustration depicting the zones and elements involved in a protected
torrential watershed; (b) series of check dams implemented in the flow channel of a torrential watershed, Faucon torrent,
France © ONF-RTM 2022; (c) check dam's structural components; (e) structural analysis of a cantilever check dam.
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As a part of natural risk assessment, the efficacy of protection structures should be assessed taking into
consideration scenario analysis. While it may not be possible to completely prevent damages after natural hazards,
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their accumulation can be mitigated by identifying the occurrence of both direct primary events (such as torrential
phenomena) and indirect secondary events (their consequences) and understanding their interdependencies at early
stages. These interdependencies play a crucial role in analyzing the actual behavior of the structures. Consequently,
risk analysis cannot rely solely on assessing individual risk levels associated with independent events. It is essential
to consider cascading effects and analyze the overall risk level by accounting for the interactions among all potential
events. Although incorporating cascading effects increases the complexity of the analysis, conducting a multi-risk
assessment that captures the interactions among different events is crucial for a comprehensive understanding of the
risks involved.

2.2. Scenario Building for Risk Management

The assessment of how cascading effects exacerbate the failures of check dams, both in terms of direct and indirect
damage, is a crucial aspect of managing torrential risks. Risk managers are faced with the challenge of not only
mitigating the impact of the natural hazards themselves but also addressing the chain of failure events that protection
structures experience during and after these hazardous events. By conducting a comprehensive assessment of cascading
effects, decision-makers are better equipped to develop effective risk management strategies within the framework of
prevention (e.g., risk assessment), preparedness (e.g., emergency planning), and recovery (e.g., maintenance).

Given that the study of cascading effects is a relatively new field in the context of natural and technological risks,
there are limitations in existing methodologies and field experiences (Cheng et al., 2021; Miihlhofer et al., 2023). To
assess the overall risk level associated with dependent and/or independent undesired events, it is necessary to define a
risk scenario. This involves identifying the events that may be triggered following an initial event, as well as the potential
consequences of each of these triggered events. A risk scenario represents a single or multiple risk situations and the
paths leading to possible consequences. As a first step, these scenarios are often visualized in a compatibility/transition
matrix, which makes it possible to build all possible chain of events triggered after an initial event (Gill and Malamud,
2014, 2016). This matrix serves as a theoretical modeling framework for cascading effect scenarios, which can then
be further modeled using quantitative risk assessment approaches, such as event tree analysis, in which the transition
probabilities between events are identified (Modarres, 1992).

In the literature, event trees (ETs) have emerged as the most commonly adopted methodological approach for
analyzing cascading effects (Mineo et al., 2017; Misuri et al., 2021). However, a key limitation of ETs is their
assumption of event independence, which means they do not account for events with joint probabilities occurring
simultaneously. They also consider binary events, in which the failure of the system is not linked to physical modeling.
These limitations hampers the ability of ETs to accurately model complex dependencies, leading to unreliable
cascading effects scenarios at the local level. Consequently, decision-makers may not receive sufficient information
for effective risk prevention and preparedness measures. Additionally, defining accurate transition probabilities is
crucial for obtaining a reliable risk assessment. These probabilities are typically derived from historical databases,
scientific literature reviews, or expert elicitation. However, the available information is often limited and accompanied
by uncertainties, making full probabilistic modeling of cascading effects highly complex. To address these challenges
and provide decision-makers with reliable inputs for simulation tools, it is essential to develop a comprehensive
understanding of cascading effects scenarios at the local level. This involves considering dependent events that can
occur simultaneously and quantifying the associated risk scenarios through physics-based modeling.

2.3. Dependencies Triggering Check Dam Failure

When managing torrential risk in the presence of protection structures, it is crucial for managers to consider the
dependencies that can arise between different natural hazards (e.g., flood triggering landslides), failure modes of check
dams (e.g., local scouring triggering loss in external stability), and components within a multi-component protection
system (e.g., failure of one dam triggering failure of other consecutive dams). These dependencies can give rise to
significant cascading effects. Figuring out such dependencies is essential to (i) better model the deterioration of check
dams over time, (ii) have a robust assessment of their efficacy level, and (iii) choose the most appropriate maintenance
strategy that have the efficiency to increase the availability time of the structures and therefore to reduce the risk level
as much as possible.

Gill and Malamud (2014) developed a transition matrix that provides all the possible interactions between
natural hazards of different nature (e.g., geophysical, hydrological, biophysical, etc.). However, to date, no study has
specifically addressed the dependencies between different types of failures in check dams. Carladous (2017) defined
various failure modes that check dams may experience throughout their lifespan, which can result from improper
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Figure 2: lllustration of cascading effects within a system of check dams triggered due to torrential hazards.

design or external accidents. Notably, the dependencies between these different failure modes have not been thoroughly
investigated. A significant advancement in understanding the dependencies within check dams was made by Chahrour
etal. (2021), who modeled the relationship between local scouring under the dam’s foundation and its external stability.
This study revealed that depending on the dimensions of the scour pit, the dam could experience total collapse due
to overturning or soil rupture beneath its foundation. However, Chahrour et al. (2021) assumed that the behavior of a
single check dam within a series of dams is independent of the behavior of other consecutive dams. This simplification
does not fully capture the complex interdependencies that exist in reality.

Since they are located in series, check dams are part of an interdependent multi-component system that interacts
with the torrent bed and lateral banks. The deterioration or failure of one specific component within a check dam
(e.g., foundation, spillway) can trigger the total failure of the entire structure. This failure, in turn, may propagate to
the upstream and downstream structures within the system through various mechanisms such as regressive upstream
erosion or excessive downstream deposition. On one hand, the presence of one check dam can positively influence
the behavior (e.g., deterioration rate) of other consecutive dams. On the other hand, the partial or total failure of
one check dam may negatively impact the behavior of other consecutive dams. In summary, while progress has been
made in understanding the dependencies within check dams, further research is needed to fully explore the complex
interactions and interdependencies between different failure modes and consecutive dams.

As for critical infrastructures (Cls), the failure or disruption of one infrastructure can have cascading effects,
potentially leading to partial or total failures in other interconnected infrastructures. Dependencies between Cls are
usually categorized as physical, cyber, geographic, logical, and social dependencies (Rinaldi et al., 2001). In the case
of torrent check dams, we mainly focus on physical, geographic, and social dependencies, as described below:

- Physical dependencies: arise when the state of one check dam is influenced by the material outputs (e.g., released
volume of sediments) from another check dam within the system.

- Geographic dependencies: occur when the state of a check dam is influenced by an environmental event associated
with another check dam due to their close proximity or spatial arrangement (e.g., failure propagation due to small
distance separating the two dams).

- Social dependencies: are related to human activities surrounding the check dams (e.g., land use).
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Figure 2 illustrates an example of cascading effect that showcases the various types of interactions and dependencies
observed within the context of torrential hazards and check dams. It represents a multi-component system consisting
of two check dams, namely D; and D,, with a specific distance between them. Initially, the system experiences a
clear water flood as the primary hazard, resulting in primary consequences such as scouring downstream D; and
deposition upstream D,. Additionally, this flood event triggers a landslide in one of the banks due to the saturation of
bank materials with water. The primary consequences then give rise to secondary consequences, including the loss of
stability in D; due to scouring (erosion of materials beneath the dam’s base). Furthermore, the secondary hazard of
the landslide possesses the potential to amplify the consequences stemming from the primary hazard. For instance, it
can increase the volume of deposition and trigger the destruction of the dam underneath (e.g., D,) due to overload.
The total collapse of D, lead to tertiary consequences, such as the progressive evolution of scouring downstream D,
due to the increase in the bed slope, which in turn increases the volume of deposition in downstream areas due to solid
transport. Consequently, the figure reveals three possible cascading effects scenarios: (1) a torrential hazard triggering
another hazard (flood triggering landslide); (2) one failure mode triggering another failure mode (scouring triggering
loss in dam’s stability); and (3) a failure in D, leading to a failure in D, (scouring downstream D, increases after the
collapse of D,).

In this study, our focus is specifically directed towards understanding the dependencies between check dams situated
in a series configuration. We will explore how the state of each dam evolves over time considering the impacts of the
torrential hazards on the dam itself as well as the physical and geographic interdependencies with other consecutive
dams. The following section describes the methodology developed and used to address these challenges.

3. Developed Methodological Approach

This section presents our methodological contribution, which is divided into several subsections. The developed
approach consists of three key sub-models. Firstly, we employ a torrential hydraulic model to simulate the behavior of
the torrent bed in terms of erosion and deposition, when exposed to a series of clear water floods over time. Secondly,
we develop a physics-based model to capture the dynamic deterioration of each individual dam within the system
considering its loss in external stability. This model considers the influence of each flood event on the condition of the
dam, accounting for the presence or absence of other dams in the system. Lastly, we introduce a decision-aiding model
that supports maintenance decision-making for the check dam system. In the subsequent subsections, we provide a
comprehensive description of each sub-model and its respective role within our integrated approach.

3.1. Torrential Hydraulic Numerical Modeling

In torrential watersheds, sediment transport plays a crucial role in shaping the morphology of the torrent (Recking
et al., 2013). To understand and model the complex phenomena behind torrential hydraulics, specialized tools that
can simulate both water flow and sediment transport along the torrent are required. While propagating from upstream
to downstream, clear water floods have the potential to erode both the bed and banks of the torrent triggering slope
destabilization. Furthermore, the large volume of transported sediments will be subsequently deposited, resulting in an
elevated bed level and potentially leading to overflows. Ongoing efforts are focused on enhancing scientific knowledge
and developing appropriate methods and tools to study torrential hydraulics and effectively manage associated risks.

Specific software, like LOGICHAR, has been developed by Laigle (2008) to study these phenomena. It is a
one-dimensional numerical model that predicts the evolution of the torrent’s bed during torrential floods based
on hypotheses and existing sediment transport laws. To launch simulations using LOGICHAR, several input data
parameters need to be provided. These include the geometric features of the torrent (longitudinal and transverse
profiles), the protection system (location and observed height of the dams), the characteristics of the torrent bed
(grain size distribution, depth of erodible layer), and the hydrographs of the flood events occurring over the period
of simulation (duration, peak discharge, time to peak). In addition, the operator is required to define the scan points
(both temporal and spatial) at which they wish to observe the corresponding outputs. Further details and illustrations
of these input parameters can be found in fig. 3.

To model the evolution of the torrent bed and the subsequent behavior of the check dams over time, it is essential to
generate and simulate flood events that could potentially occur throughout a specified period of time (e.g., 100 years).
These series of flood events are referred to as “scenarios." To account for possible uncertainties, multiple scenarios of
realistic flood events need to be generated. By considering the peak water discharge (Q ,.,,) and date of occurrence
of the flood events as random variables, it is possible to generate as many scenarios as desired. Each scenario may
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Figure 3: Input data for torrential hydraulic numerical simulations in LOGICHAR.

encompass a different number of flood events, representing the potential occurrences during the specified simulation
period. The choice of probability laws and their associated parameters used to create those random variables is based
on available data and expert assumption. Expert knowledge can also be employed to depict the hydrograph of each
event, including its shape, time to peak discharge 7,4, and duration 7,,,;.

Each flood scenario, is inputted into LOGICHAR as a whole and modeled separately from other scenarios. The
scenario is respresented as a set of hydrographs, each corresponding to a specific event within the scenario. Altough
each flood event within the scenario has a designated date of occurrence, LOGICHAR does not require a time separation
between consecutive events. This is because the torrent bed remains stable during this period of time. Based on all the
input data, LOGICHAR performs continuous calculations of the coupled hydraulics and sediment transport at every
location along the simulated torrent bed throughout the entire duration of each flood event. After the simulation is
completed, the results are presented in the form of graphs and tables. At each selected temporal scan point, the outputs
consist of the water height (m), water velocity (m/s), slope (m/m), initial bed level (m), actual bed level (m), and solid
discharge (m? /) along the entire length of the torrent. Similarly, for each chosen spatial scan point, the aforementioned
outputs are provided for the entire duration of the flood event.

3.2. Check Dams’ Stability Modeling

Over time, the external stability of the check dam is influenced by several factors including the direct impact of
flood events and due to local scouring. The erosion of the bed materials downstream the dam creates a global scour
pit, which keep on propagating with a given slope until reaching the based of the dam thus creating a local scour pit,
characterized by the removal of solid materials under the structure thus removing the its support. The stability of the
dam varies depending on the dimensions of the local scour pit. In the context of check dams and their external stability,
it is essential to consider how various factors directly impact the dimensions of scour pits. These factors include the
flow velocity and water volume, with higher values increasing erosive potential and leading to the formation of larger
scour pits, especially in regions prone to heavy rainfall. Additionally, the amount of sediment carried by the water also
plays a crucial role; when sediment loads exceed a dam’s capacity, larger scour pits can result. Besides, the properties
of the torrent bed, such as grain size distribution, cohesion, and friction angle, further affect the pit’s dimensions. For
instance, loose, fine sediments with little cohesion in the torrent bed can lead to deeper and wider scour pits. Engineers
and designers must consider these site-specific factors to ensure the effectiveness of check dams in providing protection
against erosion. It is also worth noting that clear water floods tend to result in larger ultimate scouring depths compared
to other flow conditions (Prendergast and Gavin, 2014). Hence, this study specifically focuses on investigating the
effects of clear water floods on the stability of the check dam.
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3.2.1. Global and Local Scouring Estimation

Several methods have been developed to estimate the size of the global scour pit, which is an important factor in
assessing the stability of check dams. Two commonly used, but older methods in this context of torrent protection
structures are the Vawe and Sogreah methods (Couvert, B. et al., 1991). Vawe method is a two-dimensional model
that calculates the depth and the length of the global scour pit. The sogreah method, an extension of Vawe, is a three-
dimensional model that estimates the depth, length, and width of the global scour pit. Comiti et al. (2013) proposed a
more recent approach based on laboratory experiments and field measurements, focusing on estimating the depth of the
global scour pit. While the Sogreah method tends to overestimate the scour depth compared to the Comiti approach, it
offers the advantage of calculating all three dimensions of the global scour pit. To address this, Chahrour et al. (2021)
developed an integrated approach that combines the Sogreah and Comiti methods, providing reliable calculations of
the three dimensions of the global scour pit. In this study, we will employ this integrated approach to assess the stability
of check dams.

According to Chahrour et al. (2021), the depth P, width /, and length L of the global scour pit can be estimated
using the following equations:

P=[S+h] R (m) @

I=[S+h]-R (m) @

L=[S+h]-R" (m) ©)
HS 0.59 b 234 AD90 -0.09

§=27 (7) (E) < = > (m) “

where §' (m) corresponds to the maximum depth of erosion from the level of the initial torrent bed, A (m) is the
downstream water level, Z (m) is the drop height, H, (m) is the hydraulic head, b (m) is the base width of the dam’s
spillway, B (m) is the torrent channel width, A is the sediment relative submerged density, and Dy, (m) is the grain
size for which 90% of the bed material are finer by weight. R, R’, and R’ are correction coefficients that consider the
three-dimensional effects associated with flow contraction. These coefficients are extracted from an abacus based on a
dimensionless contraction coefficient C,, which is calculated using the following equation (Couvert, B. et al., 1991):

H,*h
L= % 3)
L
N
where H, (m), h, (m), and L, (m), given by the following equations, correspond respectively to the hydraulics head,
the hydraulic drop, and the width of the spillway at the level of the water.

Hi=h+—; h.=(H,+ Hy) — (Zp + hy); L,=b+ H;

where h (m) is the upstream water level, v (m/s) is the water velocity, g (m? /s)is the gravitational acceleration, H » (m)
is the height of the dam under its spillway, Z (m) is the bed level after event i of the simulated flood scenario, which
is calculated as the sum of Z; (m) and d, (m) representing respectively the initial bed level and the drop between the
bed levels.

The crucial parameters for assessing dam stability are the depth S; (m) and the width .S, (m) of the local scour pit
formed under the dam’s base. S, is equivalent to the length / of the global scour pit and can be determined using Eq.
2. The estimation of .S; depends largely on the depth of the global scour pit P and its upstream slope f, which can vary
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Front view

Bottom view
Soil-structure
interface

Side view

Figure 4: Key geometric and hydraulic parameters for estimating the dimensions of global and local scour pits.

based on soil characteristics. The global scour pit is modeled as a trapezoidal shape with side slopesof a = g = 1/1
(m/m), as determined from the non-dimensional scour pit profile obtained from the experimental study conducted by
[50]. Additionally, the upstream side of the local scour is assumed to have a steeper slope of y = 2/1 (m/m) compared
to the upstream slope of the global scour pit. According to this assumption, the calculation of S, is determined through
simple geometric calculations (Chahrour et al., 2021). Figure 4 illustrates the geometry of the global and the local scour
pits, along with the parameters used for estimating their dimensions.

3.2.2. Check Dam’s Stability Justification

The formation of a local scour pit poses a risk to the stability of the check dam, as it reduces the soil bearing capacity
and increases applied loads potentially leading to structural failure. The variables required for stability assessment are
obtained when the global scour pit reaches its maximum depth, denoted as P,,,,., during each flood event. However,
it should be noted that P, can vary depending on the peak discharge of each event. In other words, the maximum
depth of the scour pit for event i + 1 may be less than that of event i due to the refilling of the scour pit by transported
materials. Nevertheless, in this study, it is assumed that the refillment of materials does not contribute to enhancing the
structural stability. It is important to acknowledge that even if the scour pit appears to be filled, the materials may not
be densely compacted as they were in the initial state. Consequently, the dimensions of the local scour pit, represented
by S, and S, which play a crucial role in the dam’s stability, are assumed to consistently increase after each flood
event. Specifically, if the values of S; and S, for event i + 1 are less than those of event i, the values corresponding
to event i + 1 are adjusted to match those of event i.

The external stability justification for check dams, whether they are of the cantilever or gravity type, varies based
on the applicable standards. In this study, the calculation principles and safety factors follow a French standard Groupe
de travail (1993), which serves as a methodological example. To ensure the external stability of a check dam, it is
necessary to verify the following three equilibrium conditions:

Stability against exceeding soil bearing capacity: refers to the ability of the soil under the dam’s base to withstand
the vertical loads exerted on it. It is achieved by satisfying the following condition:

Gadm > q:ef (6)

where o (KN /m?) is the maximum admissible stress the soil can withstand without failure, while q; of

adm

(KN /m?) represents the actual stress exerted on the soil. The estimation of ¢,,, mainly depends on the
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Figure 5: Permanent and variable loads acting on a concrete gravity dam.

properties of the soil. On the other hand, the estimation of q;e ; typically involves analyzing the normal stress
distribution across the entire base of the dam. However, when local scouring occurs, soil removal specifically
affects the central area under the dam’s base. Consequently, the stress redistribution is limited to the remaining
portions of soil in contact with the dam. This implies that the stresses are primarily transferred to the non-scoured
soil. Therefore, the calculation of ¢'ref is strongly influenced by the dimensions of the local scour pit .S, and
S, which vary after each event within a flood scenario.

Stability against overturning: refers to the ability of the dam to withstand the overturning moment M, (KN .m)
generated by the destabilizing loads. This requirement is fulfilled by ensuring the following condition is met:

Mg > M, (N

where M g (K N.m) is the stabilizing moment generated by the loads acting on the check dam and contributes to
its stability. In case of local scouring, the stability against overturning is significantly impacted when the width
of the scour pit .S, matches the length of the dam’s base L 5. This occurs because the axis of rotation of the dam
is shifted inward, resulting in a significant reduction in the stabilizing moment.

Stability against sliding: refers to resist the horizontal force Ry (K N) exerted on it. To prevent sliding, the following
condition must be satisfied:

where Rg; (K N) denotes the maximum frictional force that resists sliding at the interface between the soil and
the dam structure. During local scouring, the value of Rg; is influenced since it depends on the compressed
width of the dam’s base.

This study focuses exclusively on concrete gravity dams. Figure 5 presents all the possible loads that act on this type
of dam. These loads are of paramount importance in evaluating the three aforementioned conditions and ultimately
justifying the external stability of the dam. It is worth noting that these conditions are assessed using a combination of
loads multiplied by safety factors corresponding to the ultimate limit state (ULS) conditions.

Given the simulation of a flood scenario involving multiple flood events, the stability of the check dam will vary
after each event. In order to assess the deterioration trajectory of the dam, it is essential to use an indicator that
encompasses all potential causes of stability failure. While analyzing the overall stability level of a check dam, it is
important to consider the combined effects of soil bearing capacity, overturning, and sliding failures. To address this,
a global deterioration indicator, denoted as .S, is proposed. This indicator normalizes and aggregates sub-indicators
associated with the three failure mechanisms related to the external stability of the dam. S, combines three sub-
indicators: the bearing capacity stability ratio S, the overturning stability ratio S, and the sliding stability ratio
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S's1 .- These sub-indicators are normalized to fit within the interval [0, 1], where a value of O represents a total failure and
avalue of 1 corresponds to the maximum stability level. By using this normalization approach, the three sub-indicators
can be compared and combined to provide a comprehensive assessment of the check dam’s stability.

This study builds upon the global stability indicator introduced by Chahrour et al. (2021) for check dams by
incorporating weighting factors for each sub-indicator. The non-dimensional global stability indicator is therefore
defined by the following equation:

_ p Y N\1/(a+p+y)
S, =(\/S%..SP .St /bty 9)

where:
S _ o-udm - q:ef
BC = >
O-Hdm
Mg - M,
Sor = i 5
s
RSL - RH
Ssp = R
SL

Recognizing the different levels of importance of the stability indicators S, So7, and Sg; in determining the
overall stability indicator S,, weighting coefficients a, f, and y are introduced. The selection of these weighting
coefficients takes into account the influence of the scouring phenomenon on each stability indicator. These powers
reflect the varying degrees of impact that scouring has on each indicator. Moreover, Eq. 9 indicates that the dam is
considered to have completely failed if any of the sub-indicators reaches the failure threshold 0.

3.2.3. Check Dams’ Dependency Analysis

To analyze the interdependencies between check dams implemented in series, it is essential to assess the influence
of the presence or absence of one dam on the behavior of the other dams. In the case of a protection system with three
identical check dams, D, D,, and D5, four distinct modeling cases are considered:

Case 1: all three dams D, D,, and Dj exist in the system;
Case 2: absence of D,;
Case 3: absence of Ds;

Case 4: absence of D;.

For each modeling case, comprehensive simulations are conducted, encompassing both the hydraulic aspects of
the torrential flow and the stability of the check dams. This involves examining the dynamic deterioration of each dam
within the specific case. Consequently, for each flood scenario, a total of nine simulations are performed, comprising
three simulations for each dam (D, D,, and D). The configurations of the torrential protection systems for each case
are illustrated in fig. 6, providing a visual representation of the modeled scenarios.

3.3. Maintenance Decision-Making Model

The main objective of the developed approach is to support maintenance decision-making for multi-component
protection systems. The check dam stability model allows us to identify the critical dams that could significantly
impact the behavior of other dams in the event of their failure (absence). This initial stage helps prioritize maintenance
actions by determining which dams within a protection system should be addressed first. In the subsequent stage,
maintenance strategies for a specific dam may vary based on factors such as optimal inspection timing, choosing
between waiting for more severe deterioration before repair or conducting early repairs, and determining the appropriate
type of maintenance operations (minor, major, or corrective). For the managers of protection structures, the challenge
is to select the most cost-effective solution while considering that longer intervals between maintenance increase the
risk to downstream protected assets and people.

Stochastic Petri nets (SPNs) are a modeling technique used to analyze the behavior of systems over time, taking into
account deterioration mechanisms and maintenance actions. An SPN model typically comprises four main elements:
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Figure 6: Four configurations of a protection system with three identical check dams corresponding to four modeling cases.
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places, tokens, transitions, and arcs. A place within an SPN model is represented by a circle and can refer to a specific
condition or required resource that must be satisfied or available before a particular action can be executed. A token,
usually present in a place, is depicted as a small solid black circle and signifies the fulfillment of a specific condition
or the availability of resources in the corresponding place within the SPN model. A transition is represented by a
rectangle corresponds to events or actions that occur after a specified time. Transitions enable the movement of tokens
between places in the SPN model. They can be associated with either a stochastic time law or a deterministic time value,
determining when the transition takes place. An arc is represented by an arrow and connects a place to a transition,
or vice versa. Each arc is associated with a multiplicity, which is a natural number indicating the number of tokens
required or produced for the transition to occur. If the multiplicity is not explicitly shown above the arc, it is assumed
to be equal to one by default.

It is worth mentioning that the SPN tool, while well-suited for addressing dynamic deterioration and maintenance
processes in complex systems, is just one of several effective modeling techniques. Other options, such as colored
Petri nets (CPNis) or stochastic activity networks (SANs), could have been considered as well. The decision to use SPN
tools is not claimed to be the optimal selection but is verified to effectively achieve the study’s intended objectives. The
SPN model developed in this study to support maintenance decision-making for check dams consists of three distinct
processes: deterioration process, inspection process, and maintenance process. Each of theses processes is described
in details in the following sections.

3.3.1. Stochastic Deterioration Process

The scenario-driven physics-based model developed in this study represents the physical process behind the
deterioration of check dams over time. However, this model is not optimally adequate for the analysis and evaluation
of different maintenance, given its sequential execution of multiple sub-models. To address this, we have developed a
stochastic deterioration process using SPNs, which acts as a meta-model of the physics-based model. This enhanced
model simplifies and encompasses the physical deterioration process, accounting for its variability and uncertainty
comprehensively. Importantly, it offers the flexibility to easily implement different maintenance policies.

The deterioration process in the SPN model represents the evolution of a check dam’s condition throughout its
lifetime. The places within the model represent the different possible deterioration states that the dam can undergo.
The transitions in this process are stochastic, meaning that they are associated with probability laws that determine
the transition time between the dam’s states. These transitions reflect the inherent uncertainty and variability in the
deterioration process, allowing for a realistic representation of the dam’s condition over time.

A check dam undergoes a progressive evolution from its initial state to various deteriorated states until it eventually
reaches a completely failed state, resulting in its collapse. In order to track the deterioration trajectory of the check dam,
the global stability indicator .S, is selected as the deterioration indicator. In this study, the dam is assumed to reside
in four distinct states, each representing a specific condition related to the dam’s stability. These states are defined as
follows:

State 1: good condition with .S, < .5, <5}
State 2: poor condition with  .S3 < .S, < 5,
State 3: very poor condition with .S, < S, < 83
State 4: failed condition with S5 < .S, <5,

where S, S,, S3, Sy, and S5 are the global state indicator thresholds that define the intervals for the different states
of the check dam. The threshold .§| = 1 represents the initial new state of the dam, while S5 = 0 corresponds to the
collapse of the structure. The intermediate thresholds S5, S5, and .S, are determined through expert judgment and can
be subject to discussion and modification as needed.

The transition times between these states are determined by learning the transition probability laws from the
scenario-driven physics-based model, presented in section 3.2. This model generates multiple observations of check
dam deterioration trajectories, with the number of observations depending on the considered flood scenarios. From
these trajectories, realizations of random transition times between the defined states can be obtained (see fig. 7). The
transition laws can finally be learned by estimating non-parametric cumulative distribution functions for each transition.

Figure 8a represents the deterioration process within the overall SPN model. Places P;-P, correspond to the
four states of the check dam, representing the good, poor, very poor, and failed conditions, respectively. The model
assumes that the dam is initially in a good condition, indicated by the presence of a token in P; at t = 0. Stochastic
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Figure 7: Example illustrating different deterioration trajectories and variations in transition times based on the modeled
flood scenario.

transitions, denoted as 7;_;, govern the movement of the token between place i to place j, representing the evolution
of the dam’s condition over time. For instance, T,_; connects states 2 and 3, while 7,_, connects states 2 and 4. The
firing (occurrence) of stochastic transitions is determined by the firing delay time, which is drawn from probability
distributions associated with each transition. In other words, once all the transition conditions are met, a transition is
fired when its firing delay time is reached. Upon firing, the token moves from the input place of the transition to its
output place.

The deterioration process of a dam is not necessarily gradual due to the stochastic nature of flood scenarios and
the influence of the presence or absence of other dams. Depending on the specific scenario and dam configuration, the
dam can move from one state to another through different pathways. For instance, in one case, the dam may degrade
gradually through transitions T _,, T,_5, and T5_4, while in another case, it could degrade rapidly through 7_, and
T,_,, or directly through T)_,. This variation in deterioration trajectories and transitions occurs because each dam’s
behavior is influenced by the specific conditions and interactions within the multi-component protection system.

3.3.2. Periodic Inspection Process

Field inspections are generally conducted to assess the condition of check dams. During these visits, specific
deterioration indicators are measured to determine the state of the dams and identify necessary maintenance operations.
However, field inspections for check dams in mountainous regions pose unique challenges due to isolation, extreme
weather, rough terrain, and limited annual budgets, often leading to varying inspection frequencies. In such regions,
there are seasonal variations in rainfall, with high rainfall in summer and relatively low rainfall in autumn, which
significantly impacts the probability of dam failures. Managers of check dams must choose the most appropriate
inspection timing based on these seasonal variations. Various scenarios can be considered regarding inspection
frequency such as immediate post-rainfall assessments and scheduled annual visits, with inspection schedules
depending on factors like torrent activity and available resources. In this study, it is assumed that inspections are
carried out annually, once per year.

Figure 8b represents the inspection process within the developed SPN model. Initially, a token resides in place
Ps, which is connected to the transition T representing the periodic inspection. Subsequently, after a year has passed,
the transition Ty is fired, causing the token to move from Ps to Pg, where the inspection occurs. Depending on the
condition of the inspected dam, one of the immediate transitions, namely Ty, T, or Tg, will immediately fire, resulting
in the appearance of a token in either P;, Py, or Py respectively. In order to schedule the next inspection, the transition
T, also fires simultaneously, leading the token in Py to return to Ps, where it awaits the next inspection after another
year.

3.3.3. Condition-based Maintenance Process

Different maintenance operations can be carried out based on the condition of the dam to either restore it to its initial
state or mitigate the level of deterioration. This aligns with the implementation of a condition-based maintenance policy
(CBM) (Alaswad and Xiang, 2017), specifically designed for discrete deterioration processes. Several CBM policies
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Figure 8: SPN model illustrating the different processes involved in modeling the stochastic behavior of a deteriorated and
maintained check dam. (a) Deterioration process; (b) Inspection process; and (c) Maintenance process.

can be implemented for the deterioration process under consideration. The policy, illustrated in Figure 8c, has been
adopted for this study. When the dam is in a good state, no maintenance operation is required. However, if the dam is
detected to be in a poor, very poor, or failed state, indicated by the presence of a token in Py, Py, or Py respectively,
minor, major, or corrective maintenance operation is assigned. Minor maintenance operations, such as filling the scour
fit with rock or concrete riprap, and major maintenance operations, such as anchoring or adding counterfort beams,
are considered preventive measures applied to prevent the total failure of the dam. On the other hand, corrective
maintenance operations are carried out when the dam reaches a failed state, requiring complete reconstruction. All
these operations are classified as perfect maintenance operations, which aim to restore the system to its initial new
state once they are completed. This concept is emphasized in the SPN model as follows: when transition Ty, T, or
T}, is fired, a minor, major, or corrective operation is performed respectively, and the token in P,, P;, or P, returns
to P;.The firing delay times associated with Transitions Ty, T}, and T7; represent the time required to schedule and
carry out the repair work.

It should be emphasized that the dam has the potential to deteriorate from one state to another prior to the planned
inspection. This means that the dam may not be repaired immediately upon reaching a state that requires maintenance.
For instance, if the dam is in state 2, there are three possible scenarios:
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1. If transition T§ fires first, indicating that the inspection has taken place, the token in P, moves to P; waiting for
a minor maintenance operation to be performed.

2. If transition T,_5 fires first, the token in P, moves to P;, indicating that the dam has deteriorated to state 3 before
any maintenance was conducted. This could be due to factors such as a subsequent flood event that caused further
deterioration of the dam within a short period of time.

3. If transition T,_ fires first, the token in P, moves to Py, indicating that the dam has deteriorated directly to state
4 before undergoing any inspection. This could be a result of a severe flood event that rapidly caused significant
deterioration of the dam.

These possibilities highlight the potential for the dam’s condition to worsen before necessary maintenance actions
are undertaken, illustrating the dynamic nature of the deterioration process. In this study, an important assumption is
made regarding the number of maintenance operations that can be conducted before a corrective maintenance operation.
Specifically, it is assumed that only three minor maintenance operations and two major maintenance operations can
be executed on a single check dam. Once these limits are reached, further minor and major maintenance operations
are prohibited. However, the completion of a corrective maintenance operation will reset the restrictions, allowing for
the resumption of minor and major operations. This assumption is considered to better reflect real-world conditions,
recognizing that the effectiveness of minor and major operations in improving the dam’s condition and reducing its
deterioration level may reach a limit over time.

The flexibility of SPNs offers a significant advantage, as it makes it possible to use a consistent model structure,
as shown in fig. 8, while accommodating different functionalities for the purpose of comparing various maintenance
strategies. In this study, four maintenance strategies have been proposed:

Strategy 1: All maintenance operations are permitted. The dam is repaired when it reaches states 2, 3, or 4.

Strategy 2: Minor maintenance operations are prevented. The dam is allowed to deteriorate beyond state 2 without
any maintenance intervention.

Strategy 3: Major maintenance operations are prevented. Once the dam reaches state 3, further deterioration to state
4 is permitted without any major maintenance.

Strategy 4: Only corrective maintenance operations are permitted. The dam is exclusively repaired when it reaches a
completely failed state.

In order to compare the proposed maintenance strategies, each strategy is simulated separately in order to model
the evolution of the maintained dam. Generally, for SPNs, the principle of Monte-Carlo simulation is used. Once the
SPN model is constructed and the simulation period is identified, Monte-Carlo simulation starts and the tokens keep on
moving around the model until 7 ; is reached. Applying this kind of simulation and repeating the draw of a random value
several times, provide statistical estimates of specific quantities of interest. For each proposed maintenance strategy,
two outputs are provided. Firstly, the average time spent by the dam in each defined state is calculated. This provides
insights into the duration the dam remains in different conditions under each strategy. Secondly, the average number of
maintenance operations performed over the specified simulation period is determined. This information helps evaluate
the total cost of each strategy, given the cost of each maintenance operation. These outputs make it possible to compare
the proposed maintenance in terms of cost, as well as the maximum availability of the dam, which refers to the duration
it remains in a non-failed state. Ultimately, these results support risk managers in making informed decisions regarding
cost-effective maintenance strategies.

4. Case Study: Modeling & Analysis of the Faucon Protection System

In this section, we provide a concise overview of the selected case study for this research. We begin by introducing
the Faucon torrent and its protective system in France. The data required for conducting simulations in the sub-models
discussed in Section 3 are presented. We specifically focus on the modeling of three consecutive check dams within
the Faucon protection system. Additionally, we present and analyze the results obtained from the modeling of these
dams over a period of 100 years.
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Figure 9: Key data for about the Faucon torrent and the check dams of the Broche System under study.

4.1. Faucon System: Description & Input Data

The Faucon torrent (see fig. 1b), located in the Alpes-de-Haute-Provence department of France, poses a significant
threat of torrential floods to the Commune of Faucon de Barcelonnette. Extensive correction protection measures
have been implemented on the torrent since the late 19,, century, with a focus on mitigating torrential flood events.
The torrent spans a length of 6.4 km and covers an area of 7.8 km?, characterized by a steep slope and high solid
transport. The channel’s vulnerability to scouring phenomena is amplified by the presence of steep and easily erodible
bed and banks. The Faucon torrent comprises seven protection systems, including five in the main flow channel (Broche,
Maisonnettes, Granges Hautes, Les Clots, Rasiniere) and two on tributaries (Champerousse, Affluent RG). Detailed
data on the torrent, structures, maintenance activities, and associated costs can be found in the reference provided by
ONF-RTM (2014).

A total of 81 check dams were constructed within the Faucon system between 1960 and 2014. This brings the overall
count of structures built between 1865 and 2014 to at least 160. The construction cost for these 81 dams amounted
to 5,583,000. Notably, the Broche system accounted for approximately 52% of the total expenditure. Maintenance
expenses for these structures amounted to 677,000 €, with the Broche system representing the majority of the costs
due to its extensive number of maintained structures. This study focuses on the Broche system, which is situated
downstream of the Faucon torrent. This system holds significant importance, as it comprises a total of 24 dams that
play a crucial role in mitigating torrential risks and protecting vulnerable assets and people located in the alluvial fan
of the Faucon. Nevertheless, the location of these dams exposes them to significant erosion risks, necessitating careful
assessment and maintenance considerations.

In this study, we aim to model and analyze three consecutive check dams located upstream in the Broche system.
The purpose is to investigate the interdependence between these dams and provide insights for their maintenance
decision-making. The dams, namely By;, Bgg, and Bys, are identical concrete gravity dams. Figure 9 provides the
dimensions of these dams and their configuration along the longitudinal profile of the system, including the bed slope
and distance between the dams. Additionally, the figure presents a cross-section of the Broche system at the location
of these dams.

Geotechnical data concerning soil properties of the bed erodible layer, as well as the flow characteristics and
volumetric weight of the dams, are provided in Table 1. A set of 100 flood event scenarios are generated for analysis,
focusing specifically on clear water flood events with a ten-year return period. The peak discharges for each event
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Table 1

Data used in this study: D,,, Ds,, and Dy, are the grain size distribution; Phi is the angle of friction; c is soil cohesion; ple
is soil equivalent limit pressure; Ka is the earth pressure coefficient; yg, v, and y; are respectively the volumetric weight
of soil, concrete and liquid; DI is the dynamic impact factor of the flow.

Dy, Dy, Dy, 0] c ple Ka Ys Yo 7L DI
(m) (m) (m) ()  (KN/m’)  (KN/m?) - (KN/m’) (KN/m’) (KN/m’) -
0.026 0.037 0.09 35 0 2000 0.27 18 24 10 5
81 29.9 years
—_ g 47 years
m& 5. 23.9 years 91.8 years
£ 4 72.9 years
5 3] 5.5 years
21 16.6 years
1_
D_

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45 50 55 6.0 6.5 7.0
t (h)

Figure 10: Hydrograph representing all events involved in one of the generated scenario over a period of 100 years. Each
event is represented by its respective hydrograph, and the time of occurrence is indicated above each hydrograph.

within a scenario are randomly generated using a truncated gamma distribution. The average peak discharge is set
Oupe =6 m3 /s with a shape parameter of 3 and a scale parameter of 2, while the maximum peak discharge is set
Q,.ux = 8m’/s. The hydrographs of the events are assumed to have a triangular shape, with a peak time Tpeak = 0.5

hours and an end time ¢,,; = 1 hour. The occurrence dates of the events in each scenario are generated using a Poisson

distribution with a parameter A = — L = L These flood scenarios span a period of 100 years, and each
return period 10

scenario may contain a different number of flood events. Figure 10 shows the complete set of flood events within one
of the generated scenarios.

All data mentioned above is used for performing torrential hydraulic modeling and check dam stability modeling.
For the SPN model, which is developed for maintenance decision-making and implemented and evaluated using
GRIF-Workshop developed by TOTAL and SATODEV (GRIF, 2021), the key input data required for simulation
are the transition times. As mentioned before, the probability distributions governing the stochastic transitions in
the deterioration process will be derived from the physics-based hydraulic and stability model. The deterministic
transitions involved in the inspection and maintenance processes are provided in Table 2. Ty corresponds to the
inspection frequency; Ty, Ty, T5, and Ty are the immediate transitions that governs the inspection process; and Ty, T},
and T, represent the time needed to carry out the minor, major, and the corrective maintenance operations respectively.

The construction costs and maintenance costs for each dam in the Broche system are documented in ONF-RTM
(2014). The average cost of construction for the three dams under study, namely Bg;, By, and Bys, is used as the cost of
a corrective maintenance operation, set at 174,000 €. By considering the provided information on the costs of various
maintenance operations, the estimated costs for minor and major operations are 7,000 € and 50,000 €, respectively.
These cost values are used to calculate the total cost associated with each maintenance strategy defined in Section
3.3.3, based on the number of operations performed within each strategy.

4.2. Model Implementation, Results, and Analysis

The torrential hydraulic modeling is conducted using LOGICHAR, in which 100 simulations corresponding to the
100 generated flood scenarios are performed. The primary output of each simulation, which is crucial for calculating
scouring, is the evolution of the torrent bed. Figure 11 shows the bed evolution of the torrent after simulating one of
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Table 2
Transition times involved in the inspection and maintenance
processes of the SPN model.

Process I Transition | Time (years)
Inspection Ts L
P T, T, T, T, 0
T, 0.0138
Maintenance Ty 0.083
T, 0.333
Case 1 Case 2 Case 3 Case 4
Bo7 | Bo7, Boz,
20 o
t=1h
E15 BQG\L Bgﬁl_,_\f Bgsv —= t=2h
= : I ! t=3n
3 10 | -4
3 | Bes| _J Bos |, o “ Bos |, —
el 2l j |
JJ — t=7h
| = — =

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Distance X (m) Distance X (m) Distance X (m) Distance X (m)
Figure 11: Bed level variation for different dam configurations after experiencing the flood events in one of the generated
scenario.

the scenarios, which involves seven flood events occurring over 100 years. The figure illustrates the variation in the
bed level across the longitudinal profile of the modeled section of the Broche system in the Faucon torrent over time
after each of the seven flood events. It considers the different dam configurations presented previously in Section 3.2.3
and visually represented in fig. 6.

The observed variations in the bed level provide valuable insights into the impact of flood events on the torrent
bed and the effectiveness of different dam configurations in mitigating potential risks. Notably, in Case 1 where all
three dams are present, the erosion downstream of each dam is relatively limited compared to other cases. In Case 2,
where Byg is absent, excessive erosion is observed downstream of the upstream dam By;,. The zigzag shape of the bed
indicates that the erosion depth has reached the maximum allowable depth of the erodible layer, which has been set
at 5 m. Similarly, in Case 3, with the absence of Bys, the erosion downstream of the upstream dam By reaches the
maximum depth of the erodible layer. In Case 4, where the dam By, is absent, the most significant erosion occurs in
the upstream area where there is no dam present. These findings highlight the dependency of an upstream dam on the
presence of a downstream dam, as the absence of a downstream dam negatively affects the erosion downstream of its
upstream dam (Bg; depends on By, and By depends on Bys). This is due to the fact that the absence of a dam disrupts
a fixed point in the longitudinal profile, leading to enhanced erosion upstream. The same results are observed across
all the simulated scenarios.

The outputs generated by LOGICHAR provide valuable information for conducting stability modeling of each
dam. After each flood event in a scenario, the dimensions of local scouring, S, and .S, are estimated. Subsequently,
the levels of sub-stability indicators Sgc, Sor, and Sy, are determined. The global stability indicator S, is then
calculated using Eq. 9, with weighting coefficients a, f#, and y set to 1.5, 1, and 0.5, respectively. These specific
weighting coefficients were chosen for this study to primarily focus on analyzing the behavior of the dam when exposed
to local scouring. In such cases, the dam’s stability is likely to be at risk due to factors such as exceeding soil bearing
capacity. Therefore, the sub-stability indicator S is assigned the highest weighting coefficient. On the other hand,
the dam’s stability may also be significantly affected by overturning caused by scouring, especially when the width of
local scouring .S, matches the length of the dam’s base L 5. The occurrence of sliding is comparatively less likely than
overturning and bearing capacity issues.
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Figure 12: Deterioration trajectories of the dams under different configurations for ten flood scenarios. Blue curve: Evolution
of the global state indicator .S, over time; red dashed lines: indicator thresholds.

The evolution of both scouring and stability indicators are tracked over a period of 100 years. The deterioration
trajectories of the dam, represented by the global stability indicator (.S,) provide insights into the long-term efficacy
of the dams. Figure 12. illustrates ten distinct trajectories for each dam in different configurations, represented by the
considered cases. Each trajectory corresponds to one of the 100 generated scenarios, demonstrating the wide range
of outcomes in dam performance. Regardless of the dependencies between the dams, the deterioration rate of each
dam is influenced by the intensity (discharge) of the flood events in each scenario. The deterioration process is gradual
when the scenario includes moderate flood events, while it becomes more rapid when high-intensity flood events occur
early in the scenario. This highlights the importance of stochastic modeling to incorporate the potential variability in
dam behavior during the analysis. Moreover, the figure clearly demonstrates the interdependencies among the dams,
revealing that the absence of a downstream dam results in an increased deterioration rate for each individual dam. For
instance, in Case 2 where dam By is absent, the deterioration of dam Bg; (upstream of Bgg) occurs at a faster rate
compared to Case 1 where Byg is present. Similarly, in Case 3, the deterioration rate of dam By, is higher than in
Case 1 due to the absence of dam Bys downstream of Bgg.On the contrary, the absence of an upstream dam appears to
have a positive impact on the downstream dam’s deterioration rate. For instance, in Case 2 where Byg is missing, the
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Table 3
Number of observations attained by each transition for each dam and in each configuration.
Configuration H Case 1 ‘ Case 2 ‘ Case 3 ‘ Case 4

Dam H By, By Bys ‘ By, ‘ By ‘ By, ‘ By ‘ By ‘ Bys
T\, 81 86 98 48 99 83 46 100 100
T, 15 10 2 16 0 15 4 0 0
T4 4 4 0 36 1 2 50 0 0
T, 5 51 45 66 19 78 55 13 73 82
T,_, 30 41 30 29 12 27 32 25 4
T 4 50 50 51 34 25 50 18 56 26

Table 4

Parameters of the log normal distributions corresponding to transitions with low number of attained observations. u: log
mean; o: log standard deviation.

Configuration H Case 1 ‘ Case 2 ‘ Case 3 ‘ Case 4
Dam H By, ‘ By ‘ Bys ‘ Bys ‘ By, ‘ By ‘ Bys
Transiton || T, | T.5 | T, | Tis | T, | T, | Ts | Ty | T,
u 1.12 2.09 1.12 1.86 3.66 1.86 2.53 1.55 3.6
c 1.32 0.6 1.32 0.08 0.68 0.08 0.72 1.43 0.42

deterioration rate of Bys is lower compared to Case 1, where the upstream dam By is present. Similarly, in Case 4 where
By, is absent, the deterioration rate of Bgg is lower than in Case 1 where By; is present. This can be attributed to the
fact that in the absence of an upstream dam, erosion primarily occurs in the upstream areas where there is no fixed point
in the longitudinal profile. Furthermore, most of the eroded materials from the upstream tend to deposit downstream,
thereby enhancing the stability of the downstream dam through additional support. However, it is important to note
that these results only pertain to a limited section of the longitudinal profile and do not consider the entire protection
system. Hence, the absence of an upstream dam should not be regarded as entirely positive, as it neglects the potential
support it provides to other upstream dams within the Broche system, which are not considered in this study.

To calculate the transition times between the states of the dams, it is necessary to define thresholds for each state
indicating different conditions. In this study, the thresholds for the states, which represent good, poor, very poor, and
failed conditions, are definedas S; = 1,5, = 0.7,8; = 05,5, = 02,and S5 = 0.

The analysis of the deterioration trajectories of the dams has revealed that certain transitions have a limited number
of observations or are completely absent in some cases. For instance, in Case 3, dam Bgg has a low number of
observations (only 4 out of 100 scenarios) for transition 7T;_3, while in Case 4, dam Bys lacks transitions 7_5 and
T|_4 across all 100 scenarios. The number of observations attained by each transition for each dam and in each
configuration id given in Table 3. Given the limited data sets, transitions with fewer than 15 values are assumed to
follow a log-normal distribution with specified log mean u and log standard deviation o, as provided in Table 4.
Transitions with no observations (i.e., 0 values) are excluded from the deterioration process of the Stochastic Petri net
model presented in fig. 8. For transitions with a sufficient number of observations (data sets exceeding 15 values), an
empirical cumulative distribution function (CDF) is estimated using the Kaplan-Meier estimator (Kaplan and Meier,
1958) and presented in fig. 13 as the transition laws. Furthermore, it should be noted that in some scenarios, a dam
reaches a specific state i and does not progress to a more deteriorated state j within the duration of the simulation (100
years). In such cases, there is no transition between states i and j. However, this information indicates that the dam
ceases to deteriorate after reaching state i. These censored information are considered when estimating the cumulative
distribution functions (CDFs). In the cases where censored information are present, the probability of transitioning
from state i to state j does not reach a value of 1, as clearly shown in fig. 13.

The obtained probability laws for all stochastic transitions involved in the deterioration process serve as inputs to
the SPN model. Each transition originating from the same state (place) is assigned a firing probability based on the
number of observations it has attained. For instance, in Case 1, for dam Bgy;, the number of observations for transitions
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Figure 13: Cumulative distribution functions of stochastic transitions in the deterioration process of the SPN model, for
each dam under the different configurations.

T,_,, T\_3, and T|_, originating from place P; are 81, 15, and 4, respectively. Therefore, the firing probabilities for
these transitions are 0.81, 0.15, and 0.04, respectively.

Given the stochastic nature of the SPN model, the sufficiency of simulations is determined by the point at which the
results stabilize and converge, indicating a consistent outcome. In our study, we conducted a total of 1000 Monte-Carlo
simulations, and it’s worth noting that for all the implemented maintenance strategies, convergence was achieved after
500 simulations. Additionally, it’s important to highlight that simulations using the SPN model are efficient in terms of
duration, typically requiring only a few minutes to complete 1000 simulations. As previously mentioned, Monte-Carlo
simulations of the developed SPN model provide statistics on the mean sojourn time of the dam in each defined state
and the number of minor, major, and corrective operations performed over 100 years. The outcomes obtained for each
maintenance strategy are summarized in Tables 5 and 6, respectively. The results in these tables offer valuable insights
into the long-term performance and maintenance requirements of the interdependent system of check dams.

Table 5 shed light on the varying effects of different maintenance strategies on the longevity and condition of the
dams in different configurations. A noticeable trend is observed among the strategies: in strategies 1 and 3, the dams
across all configurations spend a longer duration in state 1 compared to strategies 2 and 4. This can be attributed to
the fact that strategies 1 and 3 prioritize early maintenance with minor operations as soon as the dams show signs of
deterioration. On the other hand, strategies 2 and 4, which restrict minor maintenance, result in longer duration in state
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Table 5
Mean sojourn time (in years) spent by each dam in the four defined states depending on the adopted maintenance strategy.
Configuration H Case 1 ‘ Case 2 ‘ Case 3 ‘ Case 4
Dam H By, ‘ By ‘ Bys ‘ By, ‘ Bys ‘ By, ‘ By ‘ By ‘ By
State 1 69.05 69.45 59.53 89.72 56 67.15 91.56 57.30 50.90
Strategy 1 State 2 25.41 26.43 38.59 5.66 42.65 26.02 2.98 41.08 48.15
gy State 3 4.64 2.98 1.42 1.6 1.06 6.16 1.19 1.23 0.78
State 4 0.77 1.03 0.38 2.9 0.22 0.55 4.17 0.31 0.11
State 1 37.63 37.55 30.29 59.25 27.63 35.63 66.53 28.14 23.06
Strateay 2 State 2 55.54 56.09 65.17 35.45 68.63 55.68 28.07 68.21 74.92
8Y < State 3 5.56 4.64 3.75 2.04 3.29 7.65 0.71 3.02 1.8
State 4 1.12 1.58 0.67 3.12 0.32 0.88 4.61 0.52 0.11
State 1 53.31 61.35 55.82 75.45 47.41 53.76 78.35 455 4412
Strategy 3 State 2 13.08 15.57 26.42 3.33 30.58 12.81 2.41 29.11 34.92
rate8Y 2 State 3 3244 | 2177 | 17.16 | 17.88 | 21.78 | 3246 | 1501 | 1579 | 20.82
State 4 1.17 1.31 0.6 3.33 0.24 0.97 4.23 0.6 0.14
State 1 23.96 28.54 21.95 48.51 14.09 23.73 57.37 19.85 12.15
Strategy 4 State 2 35.92 40.24 46.44 28.75 41.33 36.61 24.63 49.3 48.74
8% State 3 3873 | 2029 | 3057 | 1018 | 4421 | 3839 | 1335 | 2986 | 3881
State 4 1.39 1.93 1.04 3.56 0.37 1.28 4.65 0.99 0.29
Table 6
Average number of maintenance operations applied to each dam depending on the adopted maintenance strategy.
Configuration H Case 1 ‘ Case 2 ‘ Case 3 ‘ Case 4
Dam H By, ‘ By ‘ Bys ‘ By, ‘ Bys ‘ By, ‘ By ‘ By ‘ By
Minor 4.16 4.68 3.79 3.82 3.61 3.86 3.22 3.62 331
Strategy 1 Major 1.49 1.34 0.94 1.51 0.84 1.48 1.15 0.91 0.13
Corrective 0.83 1.11 0.45 35 0.27 0.68 4.92 0.37 0.13
Minor 0 0 0 0 0 0 0 0 0
Strategy 2 Major 1.88 1.63 1.39 1.72 1.45 1.79 1.01 1.4 1.28
Corrective 1.3 1.84 0.8 3.67 0.37 1.04 5.39 0.61 0.15
Minor 3.71 4.45 4.03 3.15 35 3.63 2.83 411 3.26
Strategy 3 Major 0 0 0 0 0 0 0 0 0
Corrective 1.29 1.47 0.72 3.94 0.27 1.15 5 0.71 1.17
Minor 0 0 0 0 0 0 0 0 0
Strategy 4 Major 0 0 0 0 0 0 0 0 0
Corrective 1.63 2.27 1.28 4.22 0.44 1.54 5.47 1.17 0.35

2 (poor condition) for the dams. In strategies 3 and 4, where major maintenance is inhibited, the dams remain in state
3 (very poor condition) for an extended period compared to strategies 1 and 2, where major operations are allowed.
Notably, in strategy 4, where only corrective operations are permitted, the dams spend more time in deteriorated states
2 and 3 compared to other strategies. This is due to the absence of preventive maintenance, leading to continuous
deterioration until complete failure, necessitating their replacement with new structures.

Furthermore, Table 5 also highlights the impact of the absence or presence of a downstream dam on the behavior
of the upstream dam. In case where maintenance operations are carried out, the upstream dam spends a longer duration
in state 4, indicating a rapid deterioration leading to complete failure. However, the upstream dam tends to spend more
time in state 1 due to the increased number of corrective maintenance operations conducted over the period of 100
years, as indicated in Table 6. For example, in Case 1 where By is present, Bgy resides in state 1 for approximately 69
years. However, in Case 2 where By is absent, By, resides in state 1 for almost 90 years, due to the larger number of
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Figure 14: Average total cost of each maintenance strategy, for each dam under the different configurations.

corrective maintenance operations (approximately 4 operations). Similar results can be observed for Byg in the absence
or presence of the downstream dam Bys.

Based on the obtained results regarding the deterioration trajectories, it is evident that when all dams are present
(Case 1), dam Byg experiences a higher rate of deterioration compared to By; and Bys, and both By, and Byg deteriorate
much faster than Bgys. Therefore, prioritizing maintenance, the order of preference would be as follows: dam Byg is
given the highest priority, followed by Bgyy, and finally Bgs. In terms of prioritizing the maintenance strategies for
each dam, the total expected cost of each strategy can be computed based on the statistics of the applied maintenance
operations (as shown in Table 6). This enables a straightforward comparison and selection of the most cost-effective
maintenance strategy. Figure 14 presents the total costs of the maintenance strategies, facilitating the sorting process
to determine the optimal strategy.
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The results presented in fig. 14 reveals that the most cost-effective maintenance strategy varies depending on the
dam and the configuration in which it is implemented. In the presence of a downstream dam, strategies 1 and 3 prove
to be less expensive compared to strategies 2 and 4 (e.g., By, By, and Bys in Case 1). This is due to the fact that these
strategies prevent the dams from deteriorating to states that require costly maintenance operations. Instead, they are
directly repaired through minor operations, which are considerably less expensive than major and corrective operations.
In cases where the downstream dam is absent, all strategies exhibit similar costs for the upstream dam, as corrective
operations dominate across all strategies (e.g., By; in Case 2 and Byg in Case 3). In the absence of the upstream dam
By, (Case 4), strategy 1 is the most cost-effective for Byg, while strategy 3 proves to be the most cost-effective for Bys.
Furthermore, in the majority of cases, maintenance strategy 2 attains the highest costs. This is because maintenance is
applied only when the dam reaches critical states (states 3 and 4), necessitating expensive operations.

In conclusion, the absence of a downstream dam (e.g., Bgg in Case 2 and Bgys in Case 3) leads to increased
maintenance costs regardless of the adopted maintenance strategy, compared to Cases 1 and 4. Conversely, the absence
of the upstream dam By, (Case 4) results in decreased maintenance costs compared to Case 1, where all dams are
present. However, it is important to note that this does not imply that the configuration of dams in Case 4 is superior
to that in Case 1, as we have not considered the entire reach of the Broche system. In reality, there are likely dams
implemented upstream of dam By, necessitating the presence of dam Bg;. Therefore, if we consider the studied reach
as representative of the entire flow channel of the torrent, the configuration of dams in Case 4 would be optimal.
However, in the actual case study, the already implemented configuration of Case 1 proves to be optimal as it attains
lower maintenance costs compared to Cases 2 and 3.

5. Conclusion

In this study, a scenario-driven deterioration model is developed to model the behavior of interdependent system
of check dams over time. A decision-aiding model is also developed to support maintenance decision-making of check
dams using stochastic Petri nets (SPNs). The analysis considered different configurations of dams and examined the
impact of various maintenance strategies on the dams’ performance and associated costs. The obtained results shed light
on the interdependencies between dams, the effectiveness of different maintenance strategies, and the cost implications
for each configuration. The deterioration trajectories revealed that the presence or absence of downstream dams
significantly influenced the deterioration rate of upstream dams. The absence of a downstream dam accelerated the
deterioration process, while its presence helped stabilize the upstream dams. Furthermore, the maintenance strategies
played a crucial role in managing the dams’ condition. Strategies that included preventive maintenance and minor
operations resulted in longer periods of satisfactory performance, with dams spending less time in deteriorated states.
On the other hand, strategies that relied on major or corrective operations attained higher costs and longer duration in
poor or failed states. In addition, it was observed that the presence or absence of upstream and downstream dams had
a significant impact on the maintenance costs. In conclusion, this study has contributed to the understanding of check
dam deterioration and maintenance strategies in torrent systems. The findings emphasize the importance of considering
the inter-dependencies between dams and selecting appropriate maintenance strategies to ensure the longevity and
effectiveness of the overall system. From a practical point of view, risk managers understand the importance of timely
repairs for critical check dams. This study brings significant value by establishing a robust framework that explicitly
incorporates cascading effects into maintenance decision-making. Integrated with comprehensive real-time data on
check dam design, flood forecasts, and geotechnical parameters, it significantly reduces uncertainty for decision-
makers, empowering them to make well-informed, evidence-based choices regarding check dam system management
and maintenance.

There are several promising avenues for future research. Firstly, this study can be expanded to incorporate a
larger number of dams and more complex configurations. Additionally, the inclusion of environmental factors such as
climate change could enhance the model’s predictive capabilities. Besides, other modes of failures can be considered
to model the deterioration of the dam (e.g., aging, internal stability analysis). Furthermore, the assumption of perfect
maintenance operations, while simplifying our analysis, may not consistently reflect real-world scenarios. While this
assumption holds for minor maintenance and corrective maintenance, its application to major maintenance can be
impractical in engineering contexts. Thus, the consideration of implementing partial renewal maintenance actions
offers a more realistic approach. By further exploring the identified research avenues, future studies can make
significant advancements in the field, enabling more sustainable and cost-effective management of check dams.
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