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Abstract

Flood hazard assessment is a necessary input to a flood risk assessment. Integrated
flood hazard assessment methods provide a good overview and distinguish three steps:
assessment of the flooding event probability, reliability assessment of the flood defense
system, flood propagation using numerical simulations. Flood hazard assessment
results in one or several flood maps, each dependent on the intensity and duration of
the modeled flooding event. A definition of flood risk assessment is the combination
of hazard, exposure, and vulnerability. We identified several gaps in each step of the
flood risk assessment process. Gaps found in flood hazard assessment include: the
lack of decisive method to estimate a combined levee failure probability of various
failure mechanisms and few probabilistic flood hazard assessments include levee
failure scenarios. One of Integrated Flood Risk Management (IFRM) aims is to provide
a standard for risk assessments to enable comparisons between different studies and
better management on the long run.

To address those gaps, we propose a method, which estimate earthen levee failure
probabilities for several return periods and failure mechanisms (backward erosion,
slope stability, and overflow). We used limit equilibrium method and Monte-Carlo
simulations to estimate sliding failure, compared seepage gradients to a critical gra-
dient to estimate backward erosion failure, and used expert judgment to estimate
overflowing failure probabilities. We aggregated failure mechanism probabilities into
a global fragility curve using Monte-Carlo simulations, hence providing a comprehen-
sive fragility curve for an earthen levee segment. We defined several scenario of flood
and levee failure for backward erosion and overflowing mechanisms to compute a
probabilistic flood hazard map. We modeled six flood events, each challenging the
levee reliability, enabling the breaching of each levee segment. For each scenario, the
resulting flood maps of water depth and velocity are associated with a flood occur-
rence probability and a levee failure probability. The maps are combined into a single
probabilistic flood hazard map where for each pixel, a cumulative probability curve of
depth and velocity is available.

Future works will propose a probabilistic flood risk map building on the probabilis-
tic flood hazard method, and applying new vulnerability considerations.

Keywords: levee reliability, flood hazard, probabilistic flood, flood risk
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Chapter One: Introduction

Natural disasters like flooding occurs in most countries around the world, affecting
social life and the economy. Every year, floods cause enormous damage all over the
world. For instance, Hurricane Katrina in 2004 (ASCE, 2007), Storm Xynthia in 2010
(Kolen et al., 2013) or the floods in Southern Alberta in 2013 (Pomeroy et al., 2016)
had terrible consequences for human life and assets. Flooding stems from various
meteorological mechanisms, exacerbated by climate change in some areas. Due to
sea level rise and more frequent heavy precipitations projected throughout the 21st
century and beyond, International Panel on Climate Change (IPCC) has predicted
that coastal and riverine systems will increasingly experience adverse impacts such as
these major floods (Field et al., 2014).

Furthermore, Field et al., 2014 also state that if levee structures are to be a reliable
mitigation approach to prevent flood events, this solution can only be effective if
these structures are regularly operated and maintained. In fact, a breach in a levee
system may cause more damage due to the flood wave than a gradual rise in water.
In addition, this kind of failure is difficult to anticipate in terms of its location and
characteristics of the resulting floods, and thus, the management of the resulting
inundations is more difficult than for inundations which can be accurately forecasted,
like those without levees or those with levees but without failure (Tourment et al.,
2017).

To ensure a long-term performance of levee systems is necessary given the conse-
quences of their potential failure, performance assessments and risk evaluations must
be regularly carried out (Simm et al., 2012). To be effective and provide support to
the development of optimal investment strategies, these actions must be integrated
in a process of flood risk management, including flood risk analysis and flood risk
assessment (European Environment Agency, 2007). Thus, the knowledge of the risk
associated with the different parts of the levee system makes it possible to optimize its
management to be able to propose measures to reduce the level of risk, or to maintain
this level if it is acceptable (Tourment et al., 2014).

Based on the Source-Pathway-Receptor model, risk analysis of a levee systems
estimates the overall level of risk associated with the system, according to a series
of loading conditions, the performance of levees and the vulnerability to flooding of
assets in the protected area (Samuels, Morris, et al., 2009). Requiring the identification
and examination of all the components that determine the risk of flooding in the
protected area, its process have been formalized in the International Levee Handbook
(ILH) (CIRIA et al., 2013). Its main steps are: event probability estimation; inundation
modeling; analysis of levee system failure; exposure and vulnerability estimation;
estimation of level of risk; risk attribution; and assessment of remaining gaps in
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knowledge.

Event probability estimation aims to estimate the probability and the intensity along
the levee system (flow discharge, water level) of a range of the different possible flood
loading conditions. The goal of inundation modeling is to identify and characterize
inundation routes and flood extents (including water depths, flow velocities, timing
of inundation) in the protected area. These two steps of the risk analysis process,
which are mainly related to hydrology, river morphology and hydraulic disciplines, are
classic engineering and research topics with updated methodologies and modeling
tools (Bedient et al., 2013; Knight et al., 2018). Modeling climate change scenarios
consist in estimating the general variation of river flow in a given time-span. Many
model and study the impact of climate change: Ward et al., 2014, Sayers et al., 2020,
Romero, 2020, Mohammed et al., 2021, Russell et al., 2022.

Levee system failure, which is defined as the inability to achieve a defined perfor-
mance threshold (Allsop et al., 2007), occurs when a levee segment is no longer able to
achieve, at the defined or assigned loading water level, its function of flood protection
within the levee system (Simm et al., 2012). Different deterioration mechanisms may
have an impact on levee segments and lead to levee failure and possible breaching.
These mechanisms have very different and complex forms and possible combinations,
and a large variety of levee failure scenarios (sequence of deterioration mechanisms
and associated damages on levee components) may be considered for a given levee
segment (CIRIA et al., 2013). According to CIRIA et al., 2013, individual mechanisms
of deterioration that affect levees, can be grouped into three generic types: (i) external
erosion; (ii) internal erosions; and (iii) slope instability. The assessment of the perfor-
mance of the levee system failure can be conducted through quantitative methods
using expert judgment, index based methods, or mathematical models (based on
physical or empirical equations). These consist of the estimation of failure scenarios
probabilities for one or different loading events (van der Meij et al., 2012).

Consequences, which result when people or properties are exposed to a flood and
suffer some harm, may be a direct result of flooding (e.g. damaged buildings and/or
contents) or indirect (e.g. loss of business earnings due to recovery time) (Messner
et al., 2006). The estimation of the consequences of inundation, which results from a
combination of the results of hydraulic modeling of the inundation and the estimated
vulnerability (a function characterizing damage according to hydraulic characteristics
of inundation) of the different assets (exposure) located in the flood area (K. Smith
etal., 1998; Parker et al., 1987). A natural flood area or a protected area may present
different types of assets such as people, buildings, or network infrastructures. Their
vulnerability can be approached in different ways, for example: social (casualties or
life loss as in Jonkman, Kok, et al., 2008), economic, and environmental (Tapsell et al.,
2008). Therefore, multi-criteria approaches prove to be very relevant for consequences
analysis (Meyer et al., 2009).

There are many definition and formalization of flood risk as listed by Solin et al.,
2013. In this dissertation, flood risk is considered as a combination of hazard, vulnera-
bility, and exposure. First, flood hazard assessment provides a flood extent along with
other flood parameters (e.g. depth, velocity). The area of affected by the flood provides
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a zone to identify and quantify existing assets (a.k.a. exposure). Then, for each asset,
their resistance or capacity to recovery to floods (a.k.a. vulnerability) is estimated
using various indicators (e.g. type of construction materials, family income levels,
age of the population). Finally, the usual approach to combine hazard, exposure, and
vulnerability consist in establishing a common level of risk scale before overlaying
each element of flood risk. Therefore, in this dissertation, flood risk will refer to the
overlay of flood hazard and exposed vulnerability layers.

Finally, risk attribution is based on the results of risk estimation, whose goal is
to combine probabilities and potential consequences of the levee system failure
(Samuels, Gouldby, et al., 2009). Using those results, flood risk is attributed to levee
segments. It enables prioritization of intervention measures, hence reducing flood
risk. Since it is not possible to protect against all flood events, all levee systems have a
residual risk of flooding. Risk is attributed to every levee segment for each flooding
scenarios, leading to their relative classification according to the risk attributable to
each. The UK model (Gouldby et al., 2008; Flikweert et al., 2015) and the Netherlands
model (Van Alphen, 2015) estimate flooding risk of levee protected areas including
breaching scenarios. In the UK model, flood risk is attributed to levee segments
by tracking from which levee segment came the flood water volume. To simulate
multiple levee failures and flooding scenarios, a Monte-Carlo sampling procedure
is used. In France, Pheulpin et al., 2019 achieved a sensitivity analysis to better
understand the impact of breach parameters, used in a 1D hydraulic model, on the
generated overflows. A model with storage areas of the Garonne River, preliminary
built and validated with the HEC-RAS code was used. The methodology relies on an
uncertainty propagation of the breach parameters, done through the coupling of two
software (HEC-RAS and Promethee). The breach parameters are evenly distributed
and randomly selected in order to generate a large number of breach scenarios. The
Monte-Carlo and Fourier Analysis Sensitivity Test (FAST) analyses show the strong
influence of the overflow parameter on the filling of storage areas, and the influence
of the parameters linked to the breach geometry.

Due to the high complexity of levee systems and protected area, the incomplete-
ness of the data, and the limitations of the methods used to treat them, the different
steps of risk analysis imply many uncertainties, which affect the results of the whole
process. Assessing remaining gaps in knowledge to better understand the impact of
uncertainties within the process and results of risk analysis, give the opportunity to
progressively refine the risk estimation and improve the levee system management.
Recent research works (Vuillet et al., 2016; Peyras et al., 2015; van Gelder et al., 2008)
propose a way to consider data uncertainties in the structural performance of levees.
Input data uncertainties are modeled through subjective probabilities and propagated
for each levee failure scenarios using Monte-Carlo simulation.

This PhD dissertation focus on urban fluvial floods and levee structures. We aim to
develop and optimize a fully probabilistic method assessing flood risk at any location
of the area protected by levees. Though guided by flood risk as a final objective, the
main focus of this dissertation is flood hazard, one of its essential component. We
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will take advantage of the operational methods carried out in United Kingdom (UK)
and the Netherlands, to build an operational method. Our approach is guided by a
rigorous risk analysis academic framework. We will take particular care in modeling
levee failures, which is done with excessive simplification in existing methods. We also
introduce expert assessment uncertainties to reinforce the robustness of probabilistic
risk assessment. Finally, the purpose of this research is to propose a probabilistic flood
hazard representation considering flood events of different intensity and probability
of occurrence along with consideration of levee breaching events.

To accomplish this, we have organized this research in three parts. First to which
propose methods assessing the levee failure probabilities along with a combination
method to represent a unique levee failure probability given a levee segment for
various flood events. The second part consist of a method to assess probabilistic flood
hazard considering potential levee failures. An integrated software able to model
flood propagation and levee breaching is used to simulate flooding scenarios. The
flood event probability is combined with levee failure probabilities to provide an
exceedance probability for every simulation. The resulting flood depth and velocity
are plotted against the exceedance probability. This study enables the identification
of the levee most vulnerable locations. The third and last part of this research consist
in presenting vulnerability assessment methods along with an application of a flood
risk assessment of a levee protected area. This part opens on future works possibilities
such as an improved probabilistic flood risk estimation using the probabilistic flood
hazard presented in this dissertation and propositions of additional components to
the vulnerability assessment.

This PhD dissertation is article based, some chapter of this dissertation are consti-
tuted by a journal or conference article, adapted to the format of a PhD dissertation
manuscript.

* Chapter is a literature review presenting every aspects of a flood risk assessment
and provides context along with the main concepts encompassed in this PhD
dissertation.

e Chapter present the case studies in Canada used for our PhD: the first is located
in Calgary, Canada were the Bow an Elbow Rivers flow through the city, the
second is located in the Greater Toronto Area (GTA), focusing on a local levee
which protects a residential area.

e Chapter presents a probabilistic method to estimate levee failure for several
failure mechanisms and aggregate those into a fragility curve representing failure
occurrence probability and associated to a levee segment. Literature review of
failure mechanism and an introduction to estimation of the failure probabilities
of the instability, backward erosion, and overflowing failure mechanism is pro-
vided. The method is applied to a case study located in Calgary, Canada. This
chapter is based on the article published in Journal of Flood Risk Management
(JFRM).
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Chapter Two: Literature review

We provide in this section basic information related to the research topic, comple-
mentary to the specific methods detailed in chapter and .

Chronology of floods

A flood is usually pictured as static reinforced by flooding maps which represent
maximum flood parameters. Far from being static, flood water increase and recede
sometime over several weeks. A flood event can be divided in three time sections:
before, during, and after the flood.

Before a flood, is a suitable time to improve general knowledge and identify potential
threats of an area. Hydrology and geotechnical studies provide essential background
information to any flood assessment. Research about fundamental data used in flood
assessment: flood triggers, human behavior, meteorology models help reduce the
uncertainty of flood modeling. Flood models rely on theoretical water propagation
and its interaction with hydraulic structures to model a flood. Assessing flood risk
ahead of a flood event provides an opportunity to anticipate and prepare mitigation
solution to reduce the risk. Flood risk assessments rely on civil engineering and
hydrology knowledge in attempt to raise awareness of areas that require the most
attention.

Flood crisis management starts with flood warnings and followed the emergency
management plans implemented by local authorities. Real-time tools susceptible to
help are: dynamic flood mapping, real-time transportation, amongst others. Flood
crisis management relies on engineered tools and knowledge established before the
flood. The ability to communicate and coordinate between authorities, technical ser-
vices, and exposed population must be preserved. Social sciences study the adaptive
capacity of local authorities to react to unforeseen circumstances characteristic of any
emergency situation.

After a flood, assessing social and economical impacts will help improving emer-
gency management plans. The economic recovery of a territory is usually measured
in years by social studies. The data gathered throughout the flood will help calibrate
future numerical models. If damages were intense, a study on how to build a more
resilient city is necessary, creating a retro-active loop to the first time section.

This PhD dissertation is part of the first time section and focuses on the theoretical
study of flood events and how to provide more accurate flood hazard maps as in the
first tier of figure 1.
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Figure 1: A proposition of perceived flood event temporality

Spatial aspect of floods

An important factor of a flood is the spatial scale of the study: local, regional, or
national. Local scale flood management has some drawbacks as a local scale flood
model does not cover spatial dependence of hydraulic events (e.g. cumulative effects
at confluence of river tributaries), nor large scale implications of adopted mitigation
solutions.

When possible, the spatial dependence of hydraulic events near river confluences
should be taken into consideration as simultaneous floods events on different tribu-
taries will result in an aggravated flood as in Pomeroy et al., 2016’s study of the causes
and damages of the combined flood of South Saskatchewan and Elk River basins
in 2013 triggered by heavy rainfall. Neal et al., 2013 studied spatial dependence of
rivers and tried to generate flood events with realistic spatial dependence between
tributaries, while Fischer et al., 2021 proposed a method to assess the probability of
simultaneous flood events in a main channel and tributaries.

Rivers may repeatedly cross country boundaries, which add to already existent
data acquisition difficulty such as the Rhine River originates in the Switzerland’s Alps,
stands as a border between France and Germany, flows through Germany to the
Netherlands’ delta. Bomers et al., 2019 showed that levee breaches, overland flow
patterns, and backwater effects must be included in flood safety assessments as they
may change downstream flood risk.

A large scale flood modeling should take into account back-effects such as deviat-
ing river flow. Emergency flood management plans based on local cale flood maps
only provide partial information as in 2011, when the diversion of water from the
Assiniboine River to Lake St. Martin ordered to protect downstream cities along the
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Assiniboine River resulted in flooding of 17 First Nation communities and displace-
ment of 4,525 First Nations people (Flood Review Task Force, 2013). In response,
Martin et al., 2017 proposed developing a joint policy and decision making system in
Manitoba, Canada.

A national assessment to showcase weak points as in Keef et al., 2009 study of Great
Britain’s rivers dependence on extreme river flows and precipitation can guide the
choice of the study area scale. They showed that precipitation spatial dependence
is weaker in mountainous areas due to high topographic variation and river flow
spatial dependence of fast-responding catchments located next to slowly-responding
catchments is low. Modeling the full watershed can be an alternative if it does not add
too much computation strain. Raining events modeling is highly sensitive to spatial
and temporal variability of the rainfall (Winchell et al., 1998; M. B. Smith et al., 2004),
hence modeling over several watersheds add to the uncertainties as to know how
much water should be allocated to which watershed.

As described by Masseroni et al., 2017, a Rainfall-Runoff (RR) model is a set of
equations which estimate runoff from rainfall, evapotranspiration data, and other pa-
rameters describing the characteristics of the watershed (e.g. drainage, soil properties,
vegetation cover, topography). There are many physical-based RR models, however
their accuracy and reliability is still an open topic. The prediction of watershed runoff
using Artificial Neural Network (ANN) presented by Zhang et al., 2000 was thoroughly
discussed in Sonnen, 2002. Other models using Fuzzy Neural Network (FNN) are used
to predict peak flow rate (Khan et al., 2018).

Considering the topography and river confluences, we chose to not consider simulta-
neous hydraulic events.

Type of floods

Flooding is the submerging of land which is usually dry. A food can be man-made or
triggered by natural phenomenon. Natural floods are distinguished by their causes
and three categories are identifiable: coastal flood, fluvial flood (a.k.a. riverine flood),
and pluvial flood (a.k.a. precipitation flood).

* Coastal floods may originate from storm surge or rise in sea water level. Purvis
et al., 2008 present a methodology to estimate the future coastal flooding proba-
bilities considering sea level rise of several high tide events. The resulting brine
flooding waters are a threat to infrastructures and soil fertility as explored in
Finkl, 2013.

* Fluvial floods can be part of the natural flow variation cycle of a watershed or
due to seasonal ice and snow-melts.

* Pluvial floods are triggered by precipitation events, some of which can be intense
and short leading to fast kinetics floods (a.k.a. flash floods). Flash floods are
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usually due to short, high-intensity rainstorms. This type of flood generally
occurs in mountainous ranges where slopes are steep and rapid snow melting
is more likely. Douvinet et al., 2015 model flash flood in North of France. He
et al., 2018 presents an overview of historical flash floods in China showcase
rapid surface waters, affected communities have a short response time and may
face severe damage due to the high intensity of the flood. Dam breach events
lead to flash flood events as it suddenly releases stored waters.

Flooding can be aggravated by external factors such as change in land-use increasing
runoff waters, overload of the urban hydraulic network or a combination of flood
types.

Rogger et al., 2017 showed that change in land-use has an impact on flooding as
impervious soils are known to aggravate flood events by increasing runoff. In response,
mitigation measures such as open spaces are implemented. Brody et al., 2013 study
the impact open spaces in the United States of America (USA).

Urban areas have tight knitted, complex substructures (e.g. sewage systems) which
limit water circulation and evacuation. Runoff can saturate urban systems causing an
overload. The initial flood threat from the river flow increase is aggravated by the in-
ability of urban systems to evacuate flooding waters. While sewage systems have been
a great invention in its time improving quality of life through waste management and
reducing water born diseases, downsides have recently been pointed out. A systemic
approach shows issues linked to the 21°’ century challenges are presented by Esculier
et al,, 2019 who also proposes a new approach to waste management in answer to
those challenges. Flooding aggravation occurs when the hydraulic network systems
are saturated, creating flooding due the sewage backwater phenomenon. Sandink,
2013 describes backwater from sewage system as extreme precipitation events ex-
ceeding the capacity of urban stormwater management infrastructures, resulting in
uncontrolled flows of stormwater entering through windows, doors, or any kind of
opening. He explored potential measures to reduce the risk of storm sewer backup
aiming to reduce urban flood risk in new homes throughout Canada. Mohammed
et al., 2021 used SWMM software to model a 1D sewage system by connecting nodes
and applying flow rates resulting from a RR model. They simulated pipe flow, resulting
in flooding discharge values (m3.s71).

Combination of flood types is possible, Naseri et al., 2022 proposes a copula-based
Bayesian framework to model compound coastal and fluvial floods.

This PhD dissertation does not cover additional elements to floods and focus on slow
kinetic fluvial floods.

Flood defence systems

Flood defence systems include active (permanent and temporary) and passive struc-
tures. Permanent active civil engineered structures include dams and coastal levees
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which hold water back at all times. Whereas temporary active structures include storm
surge barriers, removable flood walls and gates that are added when the need arise
after a flood warning has been issued. These structures require time to install and,
just like engineered structures, they can fail if the food scale is larger than expected or
if the structure has not been secured properly. Temporary active structures intervene
during the crisis management of a flood event, therefore does not constitute a struc-
ture we consider in this dissertation. Passive flood defence structures are permanent
by definition and usually multi-purpose (e.g. leisure area becomes a retention basin
when needed). A better understanding of river behavior triggered the trend of giving
back space to the river by rehabilitating floodplains or create multi-purpose spaces in
urban areas along with inviting green spaces back to reduce impervious surfaces and
run-off that contributes to saturation of urban sewage systems. With this mindset,
ponds, retention basins, flood barriers, and reinforced berms are included in new or
renovation construction projects.

The structure carrying the most danger are dams (Brown et al., 1988; Jakob et al., 2013),
which are closely monitored and a prolific research field. Piton et al., 2016 designate
dams as transversal structures built across streams made from various materials such
as logs, gabions, stones, masonry, or reinforced concrete. Dams functions are diverse
and include: control sediment hazard for torrents, control water discharge, storing
water supply, producing energy, short term terrain stabilization waiting for long term
reforestation plans to take effect, or river bed stabilization aiming to stabilize the
watershed. ICOLD, 2020 provides a summary of single purpose dams usages: 48%
for irrigation, 17% for electricity, 13% for water supply, 10% for flood control, 5%
for recreation, < 1% for navigation and fish farming. Frequent dam failure mecha-
nisms include: overtopping, overtopping due to debris blockage or settlement of the
dam crest, foundation settlement, slope instability, internal erosion through animal
burrows and through cracks, structural failure, and inadequate maintenance.

Like all permanent civil engineered structure, dams have a lasting impact on its
surroundings aside from its main purpose (e.g. sediment retention, changes in river
flow). Brandt, 2000 confirms that dam sediments retention creates sediment starva-
tion downstream of the dam with multiple consequences on the whole watershed flow
behavior. To better understand the consequences, one must understand the basics of
geomorphology. Rivers are dynamic entities evolving on a longer time scale than us.
Rivers are pathways for water to flow which people rely on for energy, transportation
of people and goods. However, in its course, water gather and transport sediments, re-
sulting from erosion processes. The river carries sediments through river and streams
from mountains to valleys, ending in the ocean. During the journey, sediment size
diminishes in result to friction and shocks.

To understand the dynamic geomorphology of a watershed (i.e. why river shift and
meanders), we need the sediment transport equation proposed by Lane, 1954, which
describes a dynamic equilibrium between water, soil, and rock as shown in Equation
0.1.
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Qs Dsoox Qw - S (0.1)

Qs the sediment discharge, D5, the median size of the sediment, Qyy the water dis-
charge, S the slope of the stream as in Equation 0.2.

Length

-~ ° 0.2
AElevation 0.2

Consequences of this relationship include:

Change in the flow (seasonal, precipitation, modification of hydraulic structures)
result in either erosion that shifts the river channels or deposition of sediment
which can incapacitate a navigation channel or destroy wild life habitats.

Sediment variation occurs when the flow is strong enough to carry the sedi-
ments, it carries it ultimately to the sea, creating deltas. Those added sediments
create an unbalance, which steers other parameters to adapt and preserve the
equilibrium of Equation 0.1. Soils can be stabilized by plants and trees, dimin-
ishing the quantity of soil particles torn from the soil matrix and added to the
flow,

Erosion and deposition of sediments will influence the natural slope of a river,

Obstacles such as dam retain sediments, specially the large sized ones and carry
small sediments downstream of the dam. The deficiency in sediment provokes
erosion downstream of the dam.

A river cannot change the rise or fall between its starting point to its finish, but
can change the length of its course by creating meanders. The length increase
diminishes the channel slope as defined by Equation 0.2. In addition, curves
triggers the flow preferential erosion and deposition mechanisms at specific
location, accentuating the curve. When spread too far out, the stream cuts off
the meander loop, creating recognizable landscape patterns as in Figure 2.

11
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Figure 2: Meanders of the Nowitna River, in Alaska @QOliver Kurmis

Today’s understanding of dam failure and forecast is well documented in literature
amongst which, Altarejos-Garcia et al., 2012 propose a methodology to estimate the
probability of sliding failure in concrete dams. International Commission on Large
Dams (ICOLD) sets standards and guidelines of dam safety.

The second structure of interest are levees. Levees may look alike at first glance but
are complex structures coming in many shapes, materials, construction methods, and
many mechanisms are involved in its collapse. Jozsef et al., 2015 provide a database
of 1,000 levee breaches and develop empirical equations to estimate breaching pa-
rameters such as length, depth, and peak discharge. Recent levees construction are
documented and their construction usually include a drainage system, and involve
various materials (e.g. impervious core materials, porous materials, geotextiles) to
prevent against bank erosion. However most levees are old earthen structures, which
may have been renovated overtime but building methods and materials are scarcely
documented leading to high uncertainties when evaluating their reliability.

This thesis dissertation focuses on earthen levees and provide a method to include
levees reliability as part of regular flood hazard assessments.

Flood risk assessment

Flood risk assessments are composite approaches, each step can be identified as
deterministic or probabilistic, using analytical or simulation methods. Flood risk
assessments consist in four main steps:

1. determination of flood events and their probability,
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2. assessment of the flood defence system and the associated failure probability
for each element,

3. flood propagation through numerical simulations for every flood scenario,
4. vulnerability assessment and risk attribution.

I will lightly describe each step and focus in particular on levee performance as part
of the flood defence system assessment. Finally, I provide an example of operational
integrated flood risk assessment.

Flood frequency analysis

The hydrology of an area is an important determinant of flood hazard as either a
hyetograph (precipitation over time) or a hydrograph (flow over time) is an input to a
flood model as shown in Figure 3.
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Figure 3: Example of hyetograph and hydrograph from Bellos et al., 2015

For historical flood studies, the flood event and local conditions can be estimated
and modeled to the best of available knowledge. However, for generic flood risk as-
sessments, a theoretical flood event must be considered. Flood frequency analysis
predict flow values corresponding to return periods. The flood frequency analysis
technique consist in a statistical analysis (e.g. mean, standard deviation, skewness) of
annual peak flow data. Then, the best fit of the data as a PDF (e.g. Gumbel, Normal,
Log-normal, Exponential, Weibull, Pearson, and Log-Pearson) is chosen. As a result,
we can plot flood frequency curves to estimate of the intensity of a flood event (Moges
etal., 2019).

The selection of a suitable return period is of debate, but typically the 1 in 100 year
event is used. The maximum return period considered also has an impact on annual
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flood risk estimate as shown by Ward et al., 2011 who noticed an increase of the
economical risk as the maximum return period used increases.

Levee performance

Among the various flood defence structures found in a watershed, we focus on lev-
ees as Bomers et al., 2019 noticed that the effects of levee breaches on downstream
discharge are not addressed in flood safety assessments. They estimated the impact
of levee failure on a flood assessment and studied how levee breaches and overflow
affect flow discharge. Extreme discharges increases flood risk along the river branch,
while flood risk along the other river branches is reduced. Therefore, levee breaches
should be included in flood safety assessments.

Levees are longitudinal structures that can stretch over several kilometers. CIRIA
etal., 2013 details the steps required to assess levee reliability: the division into homo-
geneous segments of the levee as described in Royet et al., 2012 and the performance
assessment of each segment for different failure mechanisms considering the levee
structure weaknesses, which results in several failure probabilities (CIRIA et al., 2013).
An additional step can be added, which aggregates levee failure probabilities of sev-
eral mechanisms into one fragility curve for each levee segment (Allard et al., 2012).
The method to assess levee performance is displayed in Figure 4 and based on the
French National Project “CriTerre” and the ERINOH (Internal Erosion in Hydraulic
Earthworks) project. A similar proposal is also included in the Geophysical Monitoring
System (GMS) methodology from Zuzana Boukalov4, 2008.
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Preliminary studies

1- Historical research 4 - Hydrology and hydraulics
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Figure 4: Methods to assess levee systems from Fauchard et al., 2007 and Damien et al.,
2008

Levee segmentation

Roscoe et al., 2020 described the length effect phenomenon: as the length increases,
there is a larger distance over which a weak spot in the levee can occur, thus a higher
probability of failure. They quantified the length effect using the "modified outcrossing
method" which relies on a bayesian network. Therefore, it influences levee breach
locations, hence flood propagation, and should be carefully considered.

Methods to discretize levee segments either follow constant or variable length, and
may consider singularities such as tree covered areas (roots offer a preferential in-
filtration path to water and weaken levee structures), or pipes going through the
levee.

Constant length approach was used by Bowles et al., 2012 in their risk analysis,
segmenting the levee every 500 m and assuming that all segments are independent.
Or in the Cardigues project presented by Durand et al., 2016. In Japan, a constant
length of 1 km levee is assumed, with detailed investigation performed each kilometer.
However, geomorphologic data varies within 1 km, therefore Takahara et al., 2016 used
expert judgment based on geomorphologic data to segment levees (Figure 5).

The variable length approach can be characterized by either expert judgment or
geotechnical data based levee segmentation. Guidance for expert judgment segmen-
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tation was proposed by the U.S. Army Corps of Engineers in US Bureau of Reclamation,
2011 and discretize based on statistically independent levee segments.

no seismic
feature

same geology g
has same
seismic

| feature

one estimation
\ section of levee 1L
| divided by N
' geomorphology

Figure 5: Levee segmentation based on geomorphologic data by Takahara et al., 2016

Picton, 2019 applied the geotechnical data based automatic levee segmentation pre-
sented by Vuillet et al., 2012, where levee segments are divided on a scale of 0 to 10
for each performance criteria defined in the study. Vuillet et al., 2012 suggest that
a decision-making procedure to split levees into homogeneous sections according
to their performance level. The uni-criterion method assess global performance of
levee segments using the minimum operator to aggregate all four break mechanism
performance levels into one global level criterion (Figure 6).

16



List of Figures

Levee alignment in meters

a b c d e
Basic indicator (1)
Basic indicator (2) /_"““\.__.,//
— . ;- T - 2]
Basic indicator (3) = Y
Basic indicator (4) RES B ---_..____.//
Y Y Y Y

Y

Homogeneous sections identified
for 'levee body permeability’ criterion

Poor | Acceptable | Good ]

0 1 2 3 L 5 6 7 8 9 10

Figure 6: Levee segmentation based on on the permeability criteria by Vuillet et al.,
2012

This dissertation, we use variable expert judgment levee length segmentation based on
geotechnical parameters and geometry. First, a linear segmentation by type hydraulic
structure (levee, storm surge barrier, dam) is based from visuals. Then, geomorpho-
logic classification is used to divide into homogeneous geomorphological segments
each levee. Then, geometrical characteristics (e.g. crest height, base angle, slopes)
provide an additional level of precision for the levee system segmentation. Finally, the
geotechnical layer is considered, discretizing levee segment by soil properties (e.g. co-
hesion, friction angle) based on investigation reports or literature. For levee segments
without any available data, we assume that same geomorphologic classification leads
to the same geotechnical properties. If the hereby segmentation results in too many
segments, a combination of close segments may be considered.

We suggest the exploration of the concept of "hydrologic segmentation" defined as
having a levee system segmentation based on equivalent damage values over the
area exposed to a breach of the levee segment. This hydrologic segmentation can be
incorporated in a retroactive loop as it requires prior flood assessment knowledge
over the designated area. We acknowledge that damage quantification is subject to
variations over time triggered by renovations, change in land use, or type of exposure
considered.

Levee failure mechanisms

Levee failure mechanisms lead to hydraulic failures such as overtopping or over-
flowing, and mechanical failures such as external and internal erosion, and slope
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instability as presented in ERINOH, 2017 (Figure 7).

Overtopping and overflow occur when a flood event water level exceeds the one for
which the levee structure was designed. Overtopping is associated with waves and
corresponds to coastal levees built perpendicular to the water flow, while overflowing
is associated with water levels exceeding the levee crest and correspond to levees
parallel to a river or stream.

Levee mechanical failures depend on materials composing the levee, which is
determined by a geotechnical assessment. Levee structures are usually made of local
soils. Therefore, bulk density y (kN.m™3), soil cohesion ¢ (kPa or 1073.kg.m™1.572),
soil friction angle ¢ (°), and permeability k (cm.s™!) are parameters of interest along
with other geotechnical parameters such as the elasticity or Young module E (Pa or
N.m? or kg.m_l.s_z) or Poisson’s ratio v (@).

Wave and tide are the main mechanisms initiating external erosion, thus are not
considered in this dissertation following the assumption that the impact of waves
on a levee structure parallel to a water flow is limited. Internal erosion knowledge of
the processes that occur within the soil matrix is still limited, specially the erosion
propagation mechanisms. K. T. Lee et al., 2009 uses an analytical method coupled
to an infinite slope model to predict landslides. The ERINOH, 2017 research project
(2006 — 2012) provided a database of levee failures on the Rhone river caused by
breaching from 1993, 1994, 2002, and 2003. Initiating mechanisms identified consisted
in 84% due to overtopping and 16% due to internal erosion.
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Overflowing Overflowing
Internal erosion
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Figure 7: Levee failure mechanisms schematic from ERINOH, 2017

The deterioration or damage threshold is referred to as Service Limit State (SLS) and
the breaking threshold to the Ultimate Limit State (ULS). The kinematic of backward
erosion mechanisms can be progressive for erosion mechanisms or sudden for the
sliding mechanism as in Figure 8. CIRIA et al., 2013 refer to levee breach during a flood
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event as a fast failure, although preceded by an initiation phase.

Progressive Sudden
State of a levee State of a levee
segmentcomponent -,.._,_‘_geleriorntion segmentcomponent ,
Deterioration_ Damage threshold
threshold (SLS) Damage (ULS)
Damage threshold :
-, Break
(ULS) \ N
Time (or Solicitation or other) Time (or Solicitation or other)

Figure 8: Kinematics of a failure mechanism @ R. Tourment, INRAE and Y. Deniaud,
CETMEF)

Each failure mechanism will be presented in more depth along with methods com-
monly used to quantify them. First the overtopping and overflowing failure, followed
by internal erosion mechanisms and finally sliding failure.

Visser, 1998 investigated the breaching process of overtopping, and overflowing struc-
tural failure, and associate overtopping with waves, while overflowing refers to water
levels higher than the hydraulic structure crest (Figure 9). We must distinguish be-
tween overtopping as a hydraulic failure and structural failure. CIRIA et al., 2013,
describes overtopping and overflowing hydraulic failure as the levee being overflown
before reaching the designed protection level. On the other hand, overtopping and
overflowing as a structural failure consist in surface erosion of the levee material on
the protected-side of the levee, potentially leading to breaching of the levee.

Levee \ \_ Levee S~

River River
(@ (b)
Figure 9: (a) Overflow mechanism; (b) Overtopping mechanism
When considering levee failure due to overtopping or overflow, there are two com-
ponent to the hydraulic discharge: the regular overflow of the levee structure, and

the flow through the breach opening. Formentin et al., 2018 proposed a prediction
model to estimate average overtopping levee discharge valid for over-washed and
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fully breached levees, but the hydraulic discharge computation is usually dictated by
the software used for flood propagation. The parameter which influences hydraulic
discharge is the breach opening in itself, statistical and modeling approaches are
available in literature for both overtopping and overflowing induced levee failures.

A simple method to assess the discharge for random waves was developed for smooth
slopes by Hydraulics Research Station, 1980 and presented in Equation 0.3.

R*
Q*=Ae Br (0.3)
With the dimensionless parameters of the wave discharge Q* = gTZ T and the free-
board R* = ﬁ, R, the freeboard, H; and T}, wave parameters. r correspond to
m N

the roughness coefficient, and A, B to the slope angle coefficients found in Table 1.

Slope A B

1:1.0 0.0079 20.1
1:1.5 0.0102 20.1
1:2.0 0.0125 22.1
1:3.0 0.0163 31.9
1:4.0 0.0192 47.0

Table 1: from Hydraulics Research Station, 1980

Alhasan et al., 2016 presented a probabilistic overtopping breaching of a river levee, the
overtopping breaching mechanism presented in Figure 10. Overtopping was simulated
using simple surface hydraulics equations (Equations 0.4 and 0.5), while the levee
erosion model consisted in soil transport equations used with erosion parameters
calibrated with historical data.

beginning of beginning of beginning of beginning of maximum
the flood wave dike overtopping dike erosion dike breaching breach discharge
Time
=0 L I b max
| flood wave arrival | resistance phase | breach initiation phase, breach formation phase
. backward backward
dike crest dike crest erosion  dike crest crosion  dike crest
i, 2 3) 4
no overtopping overtopping erosion breaching
- no erosion - no breaching (collapse)

Figure 10: Breach by overtopping mechanism by Alhasan et al., 2016
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They describe water flow during levee overtopping with the overflow head k() as
the difference between the water level in the river h;(¢) (a constant along the breach
opening) and the elevation of levee crest Z, (or the elevation of breach opening bottom
Z(t) during the erosion process).

h(t) = hs(t) - ZC (04)

Qp the flow discharge over or through the levee breach, b(#) the breach width, m the
discharge coefficient for a broad crested weir, and g the gravity acceleration.

On the other hand, ERINOH, 2017 provides an average breach width due to overtop-
ping failure as 190m long for a maximum of 740m.

A levee failure due to overflow consist in flow of water eroding the inner slope, which
initiate breaching as described by Fujisawa et al., 2007 who proposed experimental
levee observations to understand the failure due to overflow.

A hydraulic levee failure by overflow as described by CIRIA et al., 2013 provides a
simplified method to estimate uniform overflow discharge of a broad-crested levee
with Equation 0.6.

Q=q-L=CyH?L (0.6)

With Q(m?®.s™1) the total discharge, and g(m?>.s~!.m™!) the unit discharge per length
of overtopped levee, L(m) the overflow length, H(m) the head above the crest of
the levee, and C,; the weir discharge coefficient for which Hager, 1987 developed an
estimation method but other approximation such as Bazin Equation 0.7 and Rahbock
Equation 0.8 are commonly used.

0.003

C,4 =0.405 + 0.7)

a

With H(m) the head of water above the levee crest and H, the additional water head
due to velocity of approach.

0.001

H
Cqz=0.605+0.08— + (0.8)
z

With H(m) the head of water above the levee crest and z(m) the crest height.

Internal erosion is the transport of soil particles detached by seepage flow within a
structure as in Figure 12. CIRIA et al., 2013 and Bonelli, 2012 identify piping or back-
ward erosion, concentrated leak erosion, contact erosion, and suffusion as the main
internal erosion mechanisms. Backward erosion (a.k.a. piping) begins at the exit point
of seepage through the levee and drills a continuous passage as the seepage hydraulic
gradient exceeds the flotation gradient of the soil as in Figure 11.a. Concentrated
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leak erosion requires an open channel for water to seep through the levee body. The
erosion occurs on the sides of the channel when the shear stress induced by the flow
velocity exceeds a critical value as in Figure 11.b. Contact erosion requires a fine soil
and coarse soil boundary. This erosion mechanism consist in fine soil being washed
into coarse soil by horizontal water flow as in Figure 11.c. Suffusion consist in fine
soils being washed away by seepage leading only coarse soil matrix behind as in Figure
11.d.
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Figure 11: (a) Backward erosion, (b) Concentrated leak erosion, (c) Contact erosion,
and (d) Suffusion internal erosion mechanisms from CIRIA et al., 2013 and
Bonelli, 2012

Initially aiming to consider all internal erosion mechanisms, available data and current
knowledge turned the focus to backward erosion as statistical data from ERINOH,
2017 showed that some mechanisms may be more prevalent than others.

Moreover, due to the lack of models on internal erosion evolution over time and no
consensus within the research community. We consider a conservative hypothesis
once the critical gradient is reached, the breach suddenly opens.

Though engineering guidance considers that gradients less than 1.0 are generally
safe, particle transport can occurs before reaching this critical gradient (K. S. Richards
etal., 2007, Skempton et al., 1994, Van Beek et al., 2014). For instance, Skempton et al.,
1994 showed that for homogeneous unstable sandy gravels, backward erosion can
be initiated for hydraulic gradients one third to one fifth of the theoretical critical
gradient. In future works, a study considering a percentage of the critical gradient
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value could be interesting. As a first approach, we could consider around 50-60% of
the critical gradient.

River

Figure 12: Internal erosion: backward erosion mechanism

The criteria for the initiation and progression of backward erosion can be estimated
through a local hydraulic gradient or a global hydraulic gradient averaged along the
flow path.

Heave is a special case of local backward erosion for a horizontal pervious soil layer
combined with a vertical upward flow. The upward seepage due to differential head
equals the overlying buoyant weight of soil as shown in Equation 0.9.

i

B<¢ —sin”! (Z— sin(¢p' + /1)) (0.9)
cr

Where i., = L:V Terzaghi’s critical gradient. = 0 corresponding to a horizontal soil

layer, and A = 0 corresponding to a vertical upward flow.

Uplift is a special case of local backward erosion for an impervious soil layer in which
cracks develop, described by the equation 0.10.

Oy>U (0.10)

Where o, (kPa) correspond to the vertical stress, and u(kPa) the pore water pressure
underneath the imperious soil layer.

Global criteria models only apply to backward erosion in a sandy layer below an
impermeable roof. The concept of length of the path travelled by seeping water Lj,(m)
led to creep factors Cy, and h;(m) the top layer thickness as shown in Figure 13.
Other models to estimate backward erosion failure considering a global gradient.
Bligh, 1927 propose the Equation 0.11 as a criteria for backward erosion failure.
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Figure 13: Global gradient parameters required for the determination of backward
erosion from CIRIA et al., 2013

Ly
Bligh
With AH(m) the hydraulic head over the levee, Cp;;gp the creep factor of Bligh.
Lane, 1935 adapted the Bligh model to Equation 0.12 fitting the presence of an extra
structure of length L, (m), which would cause a barrier for the seepage path. Cr 4.
depending on the type of soil.

AH-0.3h;> 0.11)

Ly

AH-03h;> =
CLane

Other models such as J. B. Sellmeijer et al., 1991, Hoffmans, 2022 or Schmertmann,
2000’s also provide backward erosion estimation methods.

+L,

(0.12)

In ERINOH, 2017, breach width due to internal erosion vary from 3 m to 65 m with an
average of 21 m, while in Ozer et al., 2020, failures due to instability and internal ero-
sion are less frequent but lead to larger breaches. Statistically, studies do not account
for the risk associated with breaching as a less frequent occurrence is assumed being
balanced by the bigger impact a breach have on its surroundings.

To go further, it is possible to consider other internal erosion failure mechanisms
such as concentrated leak erosion by considering an additional safety coefficient for
contributing factors such as animal burrows, tree roots, pipes due to human activity
or other structures going through the levee. These data need to be collected on-site.

Slope instability (a.k.a. sliding) mechanism can be triggered by gravity or external
actions when the shear stress applied on the levee slopes exceed the shear strength to
levee materials. Engineers calculate the safety factor as the ratio between resistance
forces over the stresses as shown in Equation 0.13, F; < 1 implying a structure failure.

Resistance T
Ff=—— = — (0.13)
Stress Teq
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With 7 the shear stress. Sliding mechanisms are linked to the geometry of a levee
cross-section (Figure 14) and can be divided into: shallow sliding, deep rotational
sliding, and translational sliding as described in CIRIA et al., 2013.

e Shallow sliding is dependent on the side slopes. The shear strength depends
on: characteristics of the material (e.g. clay), moisture content, and compaction
degree. Over time, the soil can dry or crack during the summer months forming
a preferential pathway for water in the autumn or winter and rendering slopes
vulnerable to wave erosion. For steep slopes, this seasonal process reduce the
factor of safety against shallow slip failure.

Deep rotational failure can be triggered by high groundwater pressures acting
in a permeable layer beneath the levee or initiated by changes to the levee (e.g.
load, water level, local excavation, drainage).

Translational sliding consist in a horizontal movement of a levee due to weak sur-
face layers in the foundation or the levee. This situation occurs when undrained
shear strength of the surface layer can not resist hydraulic forces applied to the
levee.

River

@ (b)

River

(©

Figure 14: Slope instability mechanisms: (a) shallow sliding, (b) deep rotational slid-

ing, (c) translational sliding schematics

Contributing factors to slope instability include: load variation, human activity, tree
roots, animal activity, and seismicity. Load variation such as soil saturation may cause
an increase in weight and decreases the shear strength resistance of the levee, hence,
poorly compacted soils seem at higher risk of failure due to the volume of void the
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water can fill. Human activity such as construction activity near a levee may steepen
slopes, add singularities such as pipes, liquefaction of the soil may be triggered by
vibrations, and loss of vegetation increase external erosion. Animal activity such as
burrows can induce piping, so does tree roots once decayed may result in instabilities
or preferential flow routes. Seismic activity can induce soil liquefaction.

Static slope stability analyses use the well-established limit equilibrium method. Other
methods such as slope stability design charts developed by Janbu et al., 1973 can be
used for preliminary analyses but need to be completed by a more complete analysis.
Uncertainties of such methods stems mainly from the accuracy of geometry, pore
water pressure, and soil properties rather than from the approximations of analytical
method.

The limit equilibrium approach is adaptable to various soil and loading conditions.
The limit equilibrium method is considered in a 2D plane where the soil slides on a
slip surface using the Mohr-Coulomb criteria. A factor of safety is computed based on
force or moment equilibrium equations. There are three types of limit equilibrium
assessment methods:

1. Graphic methods are based on a single shape of slip surface and useful for first
approximations.

2. Slices and blocks methods divide the slope into slices and require inter-slice
forces assumptions to solve the force and moment equilibrium equations.

3. Perturbations methods require assumptions of the normal stress distribution
along the slip surface.

The methods of slices divides the sliding area into n vertical slices (Figure 15). The
mechanical equilibrium is written using the Mohr-Coulomb criteria (Equation 0.14).
Solving the vertical and horizontal forces Equations 0.15 complemented by the mo-
ment equilibrium Equation 0.16 require many assumptions which is what the different
slice methods differ in.

1=c'+(c-utany' (0.14)

With 7 shear strength, c the cohesion, o normal forces, ¢ the angle of friction, and u
the interstitial pressure.

Y cosa;(cib; + (N;—U;)tang;)
;.1:1 kcW; + N;sina;

Fgr= (0.15)

F Y (ypicosa;+xp;sina;)(cib; + (N; — Up) tang;)
S,m =

n ; (0.16)
i Wilxgi + kcyci) + Ni(xpicosa; — ypisina;)

With X; the vertical inter-slice forces, E; the horizontal inter-slice forces, N; the normal
reaction on the slice base, and T; the tangential reaction.
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Figure 15: Slice method schematics from CIRIA et al., 2013

Simplification methods to solve static equations include Fellenius, Bishop simplified,
Carter, Janbu simplified, USACE, Lowe-Karafiath, Spencer, Morgenstern-Price, Janbu
rigorous, and General multi-block described in Table 2 as referenced in GeoStudio,
2021a and CIRIA et al., 2013.

In geotechnical engineering, limit equilibrium methods have shown great accuracy
and guidelines are provided. Slice limit equilibrium methods drawbacks are described
by Griffiths et al., 1999, listing hypotheses taken on the number of slices, the security
factor, which is considered identical along the sliding surface and not physically accu-
rate, the circular sliding surface assumption, and the soil variability that is not taken
into account (see section ).

Soil saturation impacts levee failure probability estimations. The conservative ap-
proach consist in considering saturated soils for which water circulates sooner than
for unsaturated soils. Soil is a three phase material (Figure 16) containing solid, liquid,
and gaseous. The soil discretize between soil particle, adhesion water, cohesion water,
free water, and air pores. Free water refers to water under the phreatic table which is
not bounded to any particle. Cohesion water refers to water in partially saturated soils
and mets an equilibrium brought by gravity and tension forces.
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Slice methods Assumptions to solve force and moment equilibri-
ums

Fellenius Inter-slice forces neglected

Bishop simplified Resultant of inter-slice forces horizontal

Carter Resultant of inter-slice forces horizontal

Janbu simplified Resultant of inter-slice forces horizontal and correc-

tion factor to account inter-slice shear force

USACE Direction of resultant inter-slice forces parallel to the
ground surface

Lowe-Karafiath Direction of resultant inter-slice forces equal to the
average of the ground surface and slope of the base
of the slip surface

Spencer Resultant inter-slice forces are of constant slope
throughout the sliding mass

Morgenstern-Price Direction of the inter-slice forces defined using an
arbitrary function
Janbu rigorous Location of the horizontal inter-slice force is defined

by an assumed line of thrust

General multi-block The shear strength is mobilized on the sides of all
inclined slices

Table 2: Limit equilibrium method simplification methods (CIRIA et al., 2013)
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Figure 16: Type of water

Flow equations for saturated and unsaturated soils are described following Darcy’s
law shown in Equation 0.17.

v=k-i 0.17)

With the tensor v representing flow velocity, k the hydraulic conductivity (or per-
meability) coefficient, and the tensor i = —grad(H), H being the hydraulic gradient
described in Equation 0.18.

H=" 142 (0.18)
Y w

With u the pore pressure based on the water height z, and y,, the water bulk density.

To model the transient flow of water in unsaturated soils, Darcy’s law is adapted to
Richard’s Equation 0.19 (L. A. Richards, 1931).

C(u)aaij =—div(v) =—-div(-k(u).gradH) (0.19)

With k, now a variable, is dependent on pore pressure, C(u) is the capillary capacity.

Uncertainty in soil properties

Taking into account soil variability is difficult. We can consider 2 types of soil variabil-
ity: the vertical variability and the one in the length of the levee. First, the vertical soil
variability, represented by the anisotropy parameter. Anisotropy refers to a material
property with different properties in different directions. For an earthen levee, the
permeability, shear strength, or compressibility of the soil may vary depending on the
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direction. This anisotropy can be influenced by the arrangement of soil particles, the
loading or consolidation history. This is particularly relevant when records show that
the levee was raised over the years by adding material to the existing levee. Farshid
et al., 2020 shows that climate change, thus changing environmental conditions, has
an impact on material behavior. Other studies such as Abdulazim et al., 2009 char-
acterize anisotropic properties to better understand how they contribute to failure
scenarios.

Second, the spatial variability represented in the length of the levee. A first approach
to consider spatial variability is to divide a levee into homogeneous segments. By so
doing, different soil parameters can be attributed to each segment (Elenas et al., 2013).
However, there is a limit to how finely the soil model can be discretized. Therefore, we
can use probabilistic methods to account for soil variability as in Zhan et al., 2023, Ji
etal., 2014, or Sibley et al., 2017.

Flood propagation

A flood propagation simulation consist in a numerical hydraulic model, usually run-
ning for supercritical water flow, and resulting in flood maps named in this dissertation
flood hazard maps to avoid the confusion with flood risk maps as this dissertation
covers several research fields.

To better understand flood propagation, Teng et al., 2017 provides a substantial review
of flood models and distinguish between: empirical methods, hydrodynamic mod-
els, and simplified conceptual models. Empirical methods include surveys, remote
sensing, and statistical models. They are data-based methods, which requires a heavy
amount of reliable data and are specific to a given location. Hydrodynamic models
solve physics equations to compute water propagation. Depending on the floodplain
terrain and the water flow, those models are divided into 1D, 2D, or 3D models. The
choice of which model to use depends on the scale and objective. Many research fields
(e.g. civil engineering, hydrology, hydraulic) make use of these these models. Simpli-
fied conceptual models are simplified hydrodynamic models with shorter run times
and preferred for large scale study areas, data sparse regions, stochastic modeling,
and showed a recent increase in popularity. Maranzoni et al., 2023 provides a review
of flood hazard assessment methods, dividing them into heuristic, conceptual, and
empirical approaches, while flood maps can be either deterministic or probabilistic.
Maranzoni et al., 2022 considers the probabilistic flood hazard for multiple levee
breaches. Classic softwares such as in Table 3 are available for flood modeling.
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Software Modeling capacities Status Developers
TUFLOW (-=Classic, 1D, 2D, 3D, 1D/2D Commercial BMT WBM
—FV)
SOBEK Suite 1D, 2D, 1D/2D Commercial DELTARES
MIKE (-+, -11, =21, 1D, 2D, 3D, 1D/2D Commercial DHI
-3, -Flood)
TELEMAC (-2D, -3D, 1D, 2D, 3D Open source EDF
MASCARET, ARTEMIS,
TOMAWAC)
HEC-RAS (-2D, 1D, 2D, 1D/2D,2D/3D Free US Army Corps of Engineers
GEO-)
LISFLOOD-FP 2D, 1D/2D Research University of Bristol
Flood Modeler (-Pro) 1D, 2D, Simplified con- Commercial CH2M Hill
ceptual
DELFT 3D 2D, 3D Open source DELTARES
XPS (-2D, —-SWMM, 2D,1D/2D Commercial XP Solutions
—STORM)
OpenFlows FLOOD 1D, 2D, 1D/2D Commercial Bentley

Table 3: List of flood modeling softwares with their characteristics

To quantify the flood, several parameters can be taken into account, water depth be-

ing the most common but other include water velocity, flooding duration, flood arrival
time, return period, flow discharge, sediments transportation, hydraulic structure
breaching, scenario probability, flowing debris, and people behavior (e.g. evacuation
time, traffic modeling, building occupancy).

This dissertation uses a physics-based model providing depth and velocity values with
the HEC-RAS software.

Vulnerability assessments and risk attribution

The concept of flood risk can be formalized in many ways each involving the concept
of hazard and vulnerability with sometime additional elements (e.g. resilience, conse-
quences, exposure, preparedness) to fit the research field that uses it (Thywissen, 2006,
Solin et al., 2013, Meyer et al., 2009, Soldati et al., 2022). In this dissertation, we will
consider flood risk as the combination of flood hazard, exposure, and vulnerability
(Equation 0.20).

risk = hazardx(exposure x vulnerability) (0.20)
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Flood hazard refers to the potential for flooding to occur in a given area. Flood
is a dynamic phenomenon influenced by rainfall intensity, river discharge, climate
change, and topography. Assessing a flood consist in 2 main steps (Solin et al., 2013):
(i) assess annual maximum discharges and their corresponding water levels (see sec-
tion ), (ii) model and propagate the flood to estimate the extent of the flood and the
value of flood parameters such as flood depth or flow velocity (see section ). Expo-
sure refers to the quantity or assets impacted by a flood hazard: population density,
number of people’s dwellings, businesses, national heritage buildings (cultural assets),
transportation (e.g. roads, bridges) and communication means (e.g. electric lines),
critical infrastructures (e.g. hospitals, utilities) as referred by Solin et al., 2013, El Bilali
etal., 2022, and Cardona et al., 2012. This type of data can be sorted in 3 categories:
social, economic, and environmental. Exposure datasets are derived from popula-
tion and household census databases, urban planning documents, or satellite imagery.

There are many definition of vulnerability depending on the field and context, some
of which are listed in Table 4 (Chan et al., 2022, Nasiri et al., 2016). As exposure, the
concept of vulnerability is divided in 3 types: economical, social, and environmental.

In this dissertation, the vulnerability represents the damage extent to which an
exposed element is subjected when a hazardous event occurs (Samuels, Gouldby,
et al., 2009). Therefore, a vulnerability assessment consist in estimating the potential
damage to exposed elements (social, economic, or environmental) and their ability to
withstand flood hazard. Vulnerability qualitative methods relies on interviews and
surveys to explore the social and economical component of flood vulnerability. In
this sense, it builds up data for quantitative assessments of flood vulnerability. The
toolshed for qualitative assessment include:

* Interviewing local authorities and stakeholders to gather firsthand information
on flooding perceptions

e Group discussions or community survey to gather local knowledge regarding
flood vulnerability and estimate population awareness.

* Cultural heritage assessment (i.e. explore traditional knowledge and indigenous
practices around flood resilience)

» Ethnographic studies to analyze the effectiveness of policies and understand
social and governance structure dynamics

* Develop vulnerability indexes

There are many vulnerability criteria, some of which include: population age, income
level, household type, building economic value (Tanoue et al., 2016), natural resources
indicators, Population At Risk (PAR) which can be estimated by a Agent-Based Model
(ABM) (El Bilali et al., 2022), or buildings structural integrity and their resistance to
flood damage (based on construction materials), which is often assessed using land-
use data when a detailed survey is not available. An application of vulnerability comes
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Source Vulnerability definition

United Nations, 1984  Vulnerability is a degree of damage to a certain ob-
jects at flood risk with specified amount and present
in a scale from 0 to 1 (no damage to full damage)

Watson et al., 1996 Vulnerability is the extent to which climate change
may damage or harm a system. It depends not only
on a system’s sensitivity but also on its ability to
adapt to new climatic conditions

Menoni et al., 1996 Vulnerability term is damage goods, people, build-
ings, infrastructures and activities in hazard condi-
tion

Blaikie et al., 2004 Vulnerability is an assessment of a person’s or a

group’s exposure to the consequences of a threat,
as well as their ability to recover from the event’s im-

pact
Naess et al., 2006 A function of exposure, sensitivity, and adaptive ca-
pacity, generated by multiple factors and processes
Balica et al., 2010 Vulnerability is defined with interaction between ex-

posure, susceptibility and resilience of each commu-
nity in risk condition

Jongman et al., 2015 Vulnerability are efforts made to reduce the impact of
the natural flood hazard (e.g. flood defences, early-
warning systems, health care, communication facili-
ties)

Tanoue et al., 2016 Vulnerability is the mortality rate or economic loss
rate.

Table 4: Vulnerability definitions in literature
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from the Netherlands, where a unique vision of social vulnerability was presented by
Jonkman et al., 2010. They defined separately Individual and Societal risk as part of
their vulnerability assessment.

Nasiri et al., 2016 provides a review of vulnerability assessment methods applied
to flooding. Methods to assess vulnerability include: vulnerability curve method,
using indicator based method, analytical hierarchy process, mapping method using
Geographic Information System (GIS) (Ebert et al., 2009, Abid et al., 2021). Scussolini
etal., 2017 quantify economic impacts with the indicator of direct damage to buildings
and their content using the Damage Scanner model, also applied in Koks et al., 2015
and Lasage et al., 2014. Estimating quantitatively damages in in US$ requires land
use maps, economic value per unit of area, and depth-damage curves for each land
use type. They compute annual damage for flood maps of different return periods,
the damages are weighted according to the flood event probability of occurrence.
Jonkman, Kok, et al., 2008 analyze flooding risks for the levee ring area South Holland
in the Netherlands and estimate of number of fatalities as an annual probability of
death due to flooding. Jonkman et al., 2011 identify societal risk as the probability of a
flood event with many fatalities. As such, simultaneous flooding events and multiple
levee breaching have a significant impact on the societal risk. Scussolini et al., 2017
quantify societal impacts with the indicator of potential casualties (number of people
facing life-threatening situations).

A limitation of vulnerability assessment is presented in Nepal Aksha et al., 2018 used
the DesInventar database to examine the spatial and temporal patterns of natural
hazard mortality. This an approach provides an insight on how the flood events
changed. As a result, comparing previous vulnerability assessments with new ones are
usually not relevant as cities expand, or climate changes over time. Klijn et al., 2015
pinpoints an interesting misconception about vulnerability and exposure concepts. To
some, vulnerability equally refers to persons and property, regardless of the location
(in or out of the floodplain). While in Marchand, 2009, vulnerability refers to an entire
area including its characteristics like terrain elevation. This approach excludes areas
above maximum flood level, swallowing the concept of exposure into vulnerability.
Environmental vulnerability as disruption of local fauna and flora is not considered,
being part of a different field of study and also due to the difficulties associated
with globally applicable criteria and data availability. National Heritage buildings
are sometimes considered separately from economic and social vulnerability as in
Figueiredo et al., 2021 and Stephenson et al., 2014.

Integrated Flood Risk Management

The elemental bricks that constitute flood risk assessments are well identified and
common to all flood risk assessment projects. However, the process covers several
specialization fields and is usually handled by different actors. Therefore hypothe-
ses taken during each step of the process adds up to the assessment uncertainties
throughout the project. Also, flood risk management stakeholders is fragmented
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into national, local governments, and private companies, which aims may not be
congruent R. Dawson et al., 2008. To ensure coherent management decision on a
national scale, UK and the Netherlands centralized flood risk assessments and use
integrated flood risk assessment methods. This enables them to better manage data
access, uncertainties, and focus on national interests.

In the United Kingdom

In the UK, flood risk management is based on the Flood and Water Management Act
of 2010 Parliament of the United Kingdom, 2010, which relate to England and Wales.
UK flood risk institutions oversee national scale flood risk management. The govern-
mental strategy is developed by the Department for Environment, Food and Rural
Affairs (DEFRA) and the Environment Agency (EA) (Flikweert et al., 2015). DEFRA is
a ministerial department aiming to increase the resilience to foods by reducing the
likelihood and impact of flooding and coastal erosion on people, businesses, commu-
nities, and the environment. DEFRA oversees rainfall levels, imminent flooding, flood
warnings, while different services are responsible for flooding in Wales, Scotland, and
Northern Ireland. Nevertheless, DEFRA also assesses long term flood risk in England
and possible causes of flooding. EA is an executive non-departmental public structure
responsible for managing the risk of flooding from main rivers, reservoirs, estuaries,
and the sea. while Lead Local Flood Authoritys (LLFAs) are responsible for managing
flood risk from surface water, groundwater and ordinary watercourses, and lead on
community recovery.

As Hall et al., 2003 outlined challenges to national-scale flood risk assessment were
data acquisition, numerical computation, and presentation of results. A decade later,
in accordance to their national policy, three Climate Change Risk Assessment (CCRA)
reports have been published including flood risk analysis that identify flood risks con-
sidering people, property, societies, infrastructure, and nature in the UK (e.g. Sayers
etal., 2020). The next National Adaptation Programme (NAP) for England due in 2023,
as well as the National Adaptation Program of Scotland, Wales and Northern Ireland.

The UK integrated flood risk assessment is made using the Future Flood Explorer
(FFE) model which model flood risk analysis for the UK (England, Wales, Scotland,
and Northern Ireland) in regards to coastal, fluvial, surface water, and groundwater
flooding. Sayers et al., 2016 describes how the FFE model differs from computation
extensive traditional modeling approaches by learning from past national scale stud-
ies. The FFE model follows the source, pathway, receptor model and uses nationally
available datasets to simulate the flood risk and model future flood risks. Adaptation
measures such as flood defence or catchment storage are integrated in the FFE model
as well as potential adaptation scenario. Following the floodplain division into cells
methodology from Gouldby et al., 2008, FFE Calculation Areas are determined based
on the river network, floodplain, and coastline. Outside of floodplains, Calculation
Areas are divided into 1km? squares (Penning-Rowsell, 2015) as in Figure 17. The FFE
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model generates Impact Curves (return period in relation to potential damage based
on nationally available data and flood modeling) for each Calculation Area. The FFE
model results in annual average damage maps taking into account the influence of
climate change and adaption measures through modification of Impact Curves.

Examples of the FFE model is provided by Russell et al., 2022 who modeled several
climate change and adaptation scenario showcasing how efficient measures vary
depending on location making difficult to find an effective uniform national repre-
sentation of the risk. Or Sayers et al., 2020 who used the FFE to provide an estimate of
future flood risk across the UK using the latest climate projections (UKCP18). Rudd
etal., 2017 used the national-scale gridded hydrological model to investigate droughts
across Great Britain over the last century, it showed spatial and temporal variability
but no changes through time.

Economical flood risk assessment of England and Wales of 2002 is illustrated in Figure
17, and Expected Annual Damages in England and Wales in 2020 and future scenario
in 2050 and 2080. The future scenarios are based on a 4°C rise in Global Mean Surface
Temperature (GMST) by 2100 relative to pre-industrial times and a high population
growth as described in Sayers et al., 2020 and illustrated in Figure 18.
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Figure 17: England and Wales economical flood risk assessment for year 2002 from
Penning-Rowsell, 2015
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Figure 18: Expected Annual Damages in England and Wales from left to right: 2020,
2050, 2080. Future scenario considering +4°C in GMST by 2100 and high popula-
tion growth from Sayers et al., 2020

Some limitations of the integrated flood risk assessment method include its applica-
bility is limited to countries with governmental flood risk institutions or other system
that ensure data sharing and cooperation between stakeholders. National Audit Office,
2011 showed preliminary obstacles to identify flood risk on a national scale such as:
inconsistency in flood mapping representations, risk level categorization, percentage
probability to quantify the risk, local knowledge otherwise considered is not easily
transferable to national flood risk assessment model, and lack of data about existing
defence infrastructures.

In the Netherlands

The Netherlands Ministry of Infrastructure and Water Management is in charge of
water safety and flood risk management. The Delta Committee work from 2008 to
2010 to establish a preliminary work to build a robust integrated approach to flood
risk management. Since 2011, the Delta Programme directed by an independent
Delta Programme Commissioner focus on flood risk management. The governmental
institution adapt its strategy to suit recently acquired knowledge. Currently, Delta
Programme is involved in fresh water availability and flood protection from sea level
rise and extreme weather through strengthening flood defences and lower water lev-
els by launching programs such as Room for the River (RftR). Each year, a report is
available and relates any advancement made during the year. Such as in 2018 when
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Delta Programme included for the first time Spatial Adaptation as according to KNMI'’s
14 climate scenario. Or in 2020 when Delta Programme showed insights into the
potential acceleration in sea level rise added to the uncertainties of measures beyond
2050.

The Netherlands is located in a delta where the rivers Rhine, Meuse, Scheldt, and
Eems drain into the North Sea (Figure 19). The country has low lying coastal areas
subject to sea level rise and facing an increase of extreme river discharge expected
from climate change. As a result, the country developed a significant amount of flood
defences including circular levees, floodgates, sand dunes, and dams. However the
in 2007, Hurricane Katrina triggered made the scientific community reflect on the
consequences of the "complete flooding protection" approach commonly assumed
at the time (Jonkman, Stive, et al., 2009). As response, the flood safety program RftR
transitioned to a large-scale to be implemented into IFRM as described in van Herk
et al., 2015. However, the Netherlands had no major flood since 1953, hence flood risk
awareness of the general public is relatively low (OECD, 2014).

= tidal rivers
1 upper rivers
Vecht and |Jssel delta

Mg

Figure 19: Water systems in the Netherlands from Geerse et al., 2011

In 2015, the Dutch flood risk protection policy evolved from semi-quantitative flood
risk approach to a risk-based approach (Van Alphen, 2015).
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Prinsen et al., 2015 presents the Delta Model as a set of models used for analyzing
fresh water supplies and flood risk management of the Netherlands. The Delta model
is computationally demanding but enabled possible adaptation measures (e.g. levee
height and strength, making room for the river) and analyses of present and future
scenarios (2050 and 2100). The Delta model is used in national and regional analyses.

Hydraulic loads are determined with the probabilistic model Hydra-Zoet described
in Geerse et al., 2011, which provides the probability of flooding. Hydrodynamic
models such as Delft FLS or SOBEK 1D-2D are combined with probabilistic models to
provide flooding probabilities, water depth, and velocities.

The Delta model computes "safety tasks" corresponding to the difference between
local hydraulic load (water level or required crest level) and local strength level. The
required crest level is the crest level needed to meet a critical wave overtopping dis-
charge. The strength level is characterized by critical water levels for piping or sliding.
The effectiveness of adaptation measures is estimated by comparing "safety tasks".
Improvements of flood defences are determined based on waves and water levels to
estimate a new minimal design for flood defences. Slomp et al., 2014 presented a more
detailed explanation of the Delta model’s climate change scenario and integrated
models used in flood risk management.

Economic vulnerability is estimated using a damage function to determine the total
cost per flood scenario including an estimation of the cost of flood defence improve-
ments. For example, Ward et al., 2011 estimated potential direct economic damage
using the Damage scanner model. The indicator to estimate social vulnerability is
described by Van Alphen, 2015 as the Local Individual Risk (LIR) being the probability
of drowning due to a flood of every inhabitant should be no more than 10~ per year.
Another indicator is the societal risk described that consist in the probability of a
flood disaster with many fatalities or so called exposed population based on the time
available before flooding and the time required for evacuation.

Jongejan et al., 2015 presents the methodology and results of a large scale probabilis-
tic risk assessment of levee systems in the Netherlands taking into consideration levee
failures (Figure 20). The VNK2 project assess economic and fatality risks. Jonkman,
Kok, et al., 2008 describes a probabilistic flood risk assessment to estimate the fatalities
due to a flood considering levee breaches (Figure 21).
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Figure 20: Flood scenario consequences of the Netherlands Integrated Flood Risk
Management initially presented in Jongejan et al., 2015
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Figure 21: Individual risk for South Holland from Jonkman, Kok, et al., 2008

The Delta Programme main challenge was to assess all flood defences in accordance
with new standards that were defined. Upgrade flood defences to those standards is
still ongoing.

Risk analysis of levee protected areas

Risk analysis identify and quantify potential risks to devise strategies to mitigate or
eliminate them. Tourment et al., 2016 present risk analysis of levee systems following
the Source-Pathway-Receptor model as illustrated in Figure 22. The risk analysis
process includes the following steps:

¢ identification of the risk (e.g. levee failure),
* estimation of the event probability which determines the water load
* levee failure analysis (e.g. levee failure scenario and associated probability)

* flood modelling (e.g. water depth and velocity)
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* exposure and vulnerability assessment including mitigation solutions
* estimation of the flood risk level (probabilities or qualifying term)

e retroactive loop to assess the remaining gaps in knowledge

risk attribution to the flood defence system (e.g. levee segments)

o Levee risk analysis -

| Event probability -
estimation

v .
Analysisof | _ | | Effectiveness of
levee failure _existing controls

Y
Inundation

modelling 'Assels.smg
Y remaining
Consequence s gaps in
estimation | knowledge
‘. H
Estimation of
level of risk

Risk identification ———»|

. Risk att_n'bution

Risk evaluation

___Y Decision-making
Definition of new
risk reduction
measures

Figure 22: Steps of risk analysis from Tourment et al., 2016

Risks can be assessed qualitatively, quantitatively, or with a holistic approach which
combine quantitative and qualitative methods such as Vojinovic et al., 2016.

Methods to qualitative risk analysis include: (i) one-dimensional scale system and
(ii) a combination approach which uses a two-dimensional system to rate the risk
likelihood and its consequences.

Kotek et al., 2012 present the one-dimensional, HAZard and OPerability study (HAZOP)

qualitative method applicable to complex processes, which identify potential hazards
and propose preventing actions. The qualitative risk analysis qualify each event with a
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double-criterion qualitative method. The risks are evaluated by Equation 0.21. For
P and S, a 5 level qualitative scale is defined respectively: (Very low, Low, Middle,
High, Very high) and (No injury, Minor injuries, Serious injuries, 1 deadly injury, > 1
deadly injury). Resulting in a 3 level qualitative scale (Non-significant, Low significant,
Significant).

Risks = Probability of occurrence x Severity of consequences (0.21)

Weerasinghe et al., 2018 use aone-dimensional approach by performing a qualitative
approach with statistical hazard, exposure, and vulnerability combined to express a
level of flood risk. Risk indexes are computed using Equation 0.22. The qualitative
scale chosen to represent the risk include 5 levels: Very Low, Low, Medium, High, and
Very High.

Risk Index = Hazard Index x Exposure Index x Vulnerability Index (0.22)

Leitdo et al., 2013 use a combination approach with a risk matrix which considers
consequences and likelihood each estimated on a scale from 1 to 5 respectively: (In-
significant, Low, Moderate, High, Severe) and (Rare, Unlikely, Moderate, Likely, Almost
certain). A risk acceptance criteria was defined for the study range by stakeholders
on a scale from 1 to 3 (Low, Medium, High). The main advantage of this risk matrix
approach is its easy and effective implementation. The risk matrix helping reduce the
subjectivity of results compared to a linear qualitative approach.

Scorzini et al., 2017 present the results of a qualitative flood risk assessment using a
risk matrix which considers potential damage and likelihood each estimated on a scale
from 1 to 4: (Low, Moderate, High, Very high). The qualitative flood risk assessment
process is represented in Figure 23.
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Figure 23: Qualitative flood risk assessment process from Scorzini et al., 2017

Risk analysis of a same structure can reach different conclusions (Emblemsveag et al.,
2006). Those differences in results can be due to the perception of the risk and the
different scales used. In addition to which Emblemsveag et al., 2006 points out that
organisation strength and weaknesses are not considered and that there is little to no
quantification of the quality of the data used.

Quantitative risk analysis consist in numerical estimation of the risk based on avail-
able data. Approaches to quantitative risk analysis include Failure Modes and Effect
Analysis (FMEA) (including fault trees (Escuder-Bueno et al., 2012, ten Veldhuis et al.,
2011), sensitivity analysis) and simulations methods (Monte Carlo analysis). Peyras
et al., 2012 proposed a dam safety probabilistic assessment combining risk analysis
and reliability methods. Flood susceptibility estimation using machine learning mod-
els are a growing trend (Diaconu et al., 2021, Santos et al., 2019). FMEA are inductive
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methods that analyse potential failures in a system (Modarres et al., 2016). They are
limit-state approximation methods which anticipate every potential failures and can
be subdivided into Fist Order Reliability Method (FORM) and Second Order Reliability
Method (SORM).

The FORM method is a linear approximation of the limit-state on a standardized
plan. An iso-probabilist transformation (T') of the physical variables (X;) into gaussian,
standardized, centered, and independent variables (U;). The performance function
G({T}) is written H({U}) = G(T~*{U}) in the standardized plan (ERINOH, 2017). FORM
method steps are detailed in Lemaire et al., 2005.

SORM method objective follows the same steps as the FORM method but instead
of approximate the limit state surface by a hyperplan, it approximates the limit state
surface by a hyper-surface of the second order.

Simulation methods estimate failure probabilities based on the law of large numbers
Lemaire et al., 2005. The objective is to sample statistical variables over a physical or
space distribution.

In case of flood in levee protected areas, levee failure mechanisms can be identified,
assigned a probability and modeled, hence a simulation approach seems the most
appropriate to spatially quantify risk.

To assess levee failure probabilities, numerical simulation are either based on limit
state functions or Monte-Carlo simulations.

Numerical simulation can be used based on limit state function, which assess for each
sample if the failure is in the area of interest and the probability of failure based on
the number of sample which are within the failure area. Limit state function (Z) isa
function of strength (R) and load (S) for a given failure mode. Z=R—-Swith Z>0=
the failure mode does not occur; Z =0 = is at the limit state, and Z < 0 = indicates
a failure. R and S are stochastic variables defined by a probability distribution and a
probability density function. as described in van Gelder et al., 2008.

A common simulation method is the Monte-Carlo simulation. Other simulation meth-
ods such as directional simulation, importance sampling, and conditional sampling
are derived from Monte-Carlo simulation and detailed in Lemaire et al., 2005. Monte-
Carlo simulation considers a sample {x1, xp, ..., X;;} build on N drawings, independent
of the random vector {X}. The probability of failure Py is estimated by Equation 0.23.

1 & ;
Pr=—)Y IpsY (0.23)
N5

Ip f(j ) represents the failure indicator. The failure indicator equals 1 if the drawing x j
falls in the failure zone or at its limit G({X}) < 0 and equals to 0 otherwise. o

Directional simulation random draws are made within standard space following
radial direction until limit state is reached. Then the probability of failure is estimated
by the mean of the calculated probabilities estimated in different directions.
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Importance sampling consist in samples around the failure area. This is intended as
a more efficient method to estimate the failure probabilities but is relevant only if the
conception point p* is well identified. Be careful of secondary extremumes.

Conditional sampling requires knowledge of the conception point p* estimation.
All draw are made outside the hypersphere centered in the origin and with a radius
equal to reliability index Syy.

Some limitations and hypotheses to a simulation risk analysis approach are worth
noting such as: the dependance on the quality of the pseudo-random number genera-
tor used for the numerical simulation. The computational burden for reliable systems:
to estimate a failure probability of 107", 10"*2 to 10"*3 Monte-Carlo simulation are
needed. Details directional simulation, importance sampling, and conditional sam-
pling simulation methods were introduced to lessen the computational burden.

For example, Jongejan et al., 2015 uses a probabilistic qualitative flood risk analysis
for the VNK2 project. Flood risk is quantified by Equation 0.24 in which a set of proba-
bilities and consequences for a flood event (i.e. scenario). The resulting Individual
risk considering the levee system failure is presented in Figure 24.

Risk = {Scenario(i), Probability (scenario;), Consequences (scenario;)} (0.24)

Individual risk
(per year)
< 10e-8
10e-8 - 10e-7
B 10e-7- 10e6
Il 10e6 - 10e5
Bl > 10e5

Figure 24: Quantitative Individual risk from Jongejan et al., 2015

PhD dissertation proposal

Scientific questions

Flood risk assessments require the contribution of different fields such as geotech-
nics, hydrology, hydraulics, and safety engineering. For each step of the assessment,
assumptions, simplifications, uncertainties are carried out to the next.
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The literature review of each key component of flood risk assessment exposed many
gaps in the flood risk assessment engineering practice as one could expect.

In this context, the research provided in this PhD dissertation aims to propose a
new probabilistic representation of flood risk that would incite the consideration of
levee failure to become a standard in engineering practices.

The main scientific issues of the PhD proposal are the following:

* The development of a probabilistic assessment methods of hydraulic actions
acting against levees,

* The development of spatialized methods to assess levee failure probabilities and
taking into account the various failure mechanisms occurring in levees,

* The development of methods able to simulate a large number of levee break
scenarios, including wave propagation and flooding scenarios in the protected
areas,

e The development of spatial and probabilistic methods, crossing the intensity of
the flood hazard due to levee break and the vulnerability of the territories, at any
point in the area protected by the levees.

The main global issues of this research are the optimization of the methods to
lighten the computation time of numerical simulations and maintain a satisfying
accuracy level for decision making.

Overview of methods used in the PhD dissertation

The main steps of the aimed process are presented below.

1. Hydrological and hydraulic analysis

Hydrologic study, using water stage, discharge and climatic data, to deter-
mine river water discharge for a range of flood event frequencies, from unexcep-
tional to extreme events

Hydraulic simulations of flood events, using hydrologic study results and
topographic and bathymetric data, to determine the river flood water level along
levees segments, according to the different flood event frequencies and including
a quantification of uncertainties on water levels

2. Structural analysis

Characterization of levee system properties and identification of homoge-
neous levee segments: according to the nature and geometry of levee structural
components.

Identification of possible structural failure scenarios for each homogeneous
levee segment using reliability methods.
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Determination of probabilistic distributions of safety factors for each failure
scenario, for each homogeneous levee segment (according to probabilistic dis-
tributions of geotechnical parameters and using Monte-Carlo simulation) and
for the different flood event frequencies.

Determination of fragility curves (probability of failure according to prob-
ability of flood loading conditions) for each levee segment, for each failure
scenario and for an aggregation of all failure scenarios.

3. Flood assessment and risk attribution

Determination of properties of inundations in the protected area, to obtain
inundation maps, resulting from each levee segment structural failure (according
to breaches hydrographs and geometries) and from the normal running of the
levee system (overflowing without levee failure), for the different flood event
frequencies.

Multicriteria analysis to define the vulnerability of assets in the protected
area, to obtain a map for social and economic vulnerabilities.

Assessment of inundations consequences, by crossing inundation maps
and vulnerability map, for the different flood event frequencies, for each levee
segment failure and for the normal running of the levee system.

Flood risk estimation and attribution to each levee segment of the levee
system, to improve decision making about levee management, and to each part
of the protected area, to improve decision making about protected area and
assets vulnerability management

The way these different steps interact to finally produce flood risk attribution is
presented in Figure 25.

Identification and characterisation
of homogeneous dike segments

for a range of flood event frequencies

] [ Determination of river water discharge ]

[Identification of possible failure scenarios] [ Determination of river flood water level ]

for each homogeneous dike segments

for a range of flood event frequences

)

Y

Determination of probabilistic distributions

of safety factors for each failure scenario,

for each homogeneous dike segment and
for each flood event frequency

Determination of properties of inundations
for the different flood event frequencies,
for each dike segment failure and for the area, to obtain a vulnerability map for

normal running of the dike system social and economic exposures.

Multicriteria analysis to define the
vulnerability of assets in the protected

v

Y v

Determination of fragility curves for each
levee segment

J

Production of inundation maps for each Production of a vunerability map for the
studied situation protected area

Y

[ Flood risk attribution to each dike

segment of the dike system and J:

to each part of the protected area.

\/

Assessment of inundations consequences
for the different flood event frequencies,

for each dike segment failure and for the
normal running of the dike system

Figure 25: Process for flood risk analysis of levee systems
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PhD dissertation outline

This PhD report is an article based report thesis, hence some chapter of this disser-
tation are constituted by a journal or conference article, adapted to the format of a
PhD dissertation manuscript. Those chapters have their own introduction, litera-
ture review, methods, results, and discussions. References for the entire dissertation,
including previously published articles, are included at the end of the dissertation.
Chapter present the case studies in Canada used for our PhD: the first is located
in Calgary, Canada were the Bow an Elbow Rivers flow through the city, the second is
located in the GTA, focusing on a local levee which protects a residential area.
Chapter presents a probabilistic method to estimate levee failure for several failure
mechanisms and aggregate those into a fragility curve representing failure occurrence
probability and associated to a levee segment. Literature review of failure mecha-
nism and an introduction to estimation of the failure probabilities of the instability,
backward erosion, and overflowing failure mechanism is provided. The method is
applied to a case study located in Calgary, Canada. This chapter is based on the article
published in JFRM: Mainguenaud, E, Peyras, L., Khan, U. T., Carvajal, C., Sharma, J., &
Beullac, B. (2023). A probabilistic approach to levee reliability based on sliding, back-
ward erosion and overflowing mechanisms: Application to an inspired canadian case
study. Journal of Flood Risk Management, €12921. https://doi.org/10.1111/jfr3.12921
Chapter presents a probabilistic flood hazard assessment method taking into con-
sideration levee failure on different location for backward erosion and overflowing
failure mechanisms. Literature review of flood assessments is provided with a focus on
assumptions of hydraulic models. The method is applied to a local case study in the
GTA, Canada. This chapter is based on the article submitted in JFRM: Mainguenaud,
E, Khan, U. T, Peyras, L., Carvajal, C., Beullac, B., & Sharma, J. (2024). Probabilistic
assessment of flood hazard of a levee protected area considering different breach-
ing scenarios. application to a levee on etobicoke creek river. Journal of Flood Risk
Management
Chapter 0.0.0.1 presents anew the steps of a flood risk assessment. We present vul-
nerability assessment methods and an application of a flood risk assessment: building
from previous chapters, we use flood hazard considering levee failure, exposure, and
vulnerability to estimate flood risk. This chapter 0.0.0.1 is based on the article pub-
lished in EGU: Mainguenaud, E, Usman T Khan, L. P, Carvajal, C., Beullac, B., &
Sharma, J. (2023). Mapping the impact of levee failure on flood risks: A toronto case
study. EGU General Assembly 2023, Vienna, Austria, 24-28 Apr 2023, (EGU23-3616).
https://doi.org/10.5194/egusphere-egu23-3616
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Chapter Three: Case studies

In this chapter data related to two case studies used in this PhD dissertation are
presented, one located on the Bow River in the City of Calgary and the other on the
Etobicoke Creek in the Greater Toronto Area (GTA). Each case study is lightly described
in chapter and, this chapter provides additional data.

Historical case studies are used to calibrate numerical models. Numerical models
are but simplifications of complex, dynamic processes which try to replicate physical
mechanisms. The reliability of a flood assessment depends on the precision of the
input data. Therefore, the more detailed the case study, the more accurate a numerical
model result will be.

An extensive description of hydrology and geotechnical data of the Bow River in the
City of Calgary and the Etobicoke Creek in the GTA is presented below.

Bow River, City of Calgary, Canada

Description of the watershed

Located in southern Alberta, the Bow River basin area measure approximatively
25,123km?. The Bow River begins from the Bow Lake in the Rocky Mountains, and
flows through Banff and Calgary. The City of Calgary distinguish the Bow River, Elbow
River, and Nose Creeks watersheds as shown on Figure 26.a. The Calgary city center
is located at the junction between the Bow and Elbow Rivers (Figure 26.b). The Bow
River average slope is 0.4% over its 645km length (Khan et al., 2018). The average
width of the River is 124m for the case study location, and an average elevation of
1,042m above sea level (City of Calgary, 2013).
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B Al River dip
[77] BOW RIVER DIRECT WATERSHED
ELBOW RIVER WATERSHED
NOSE CREEK WATERSHED
(a)

Bassano

Legend

@ Tributaries to the Bow River
@ Downstream of Carseland Weir
.Highwuod River Confluence to Carseland Weir
(@ Elbow River Confluence to Highweod River Confluence:
@ Bearspaw Reservoir to Elbow River Confluence

& Jumping Pound Creek to Bearspaw Reservoir

® Downstream of Cascade River Confluence

(b)

Figure 26: (a) Watersheds of the City of Calgary; (b) Junction of Bow & Elbow Rivers
from Alberta Environment and Parks, 2023

The City of Calgary has a dry climate close to the mountains, resulting in unpre-
dictable sudden weather changes which can result in droughts or floods due to intense

thunderstorms.
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Description of the hydrology of the City of Calgary

Pomeroy et al., 2016 points out that peak flows occur between May and June due
to snowmelt, but these seasonal patterns are likely to evolve due to climate change.
Nevertheless, the hydraulic data used for the case study comes from the hydraulic
station 05B H004 (Government of Canada, 2022). Flow values based on historical data
(City of Calgary, 2020) from 1933 to 2015 registered 172 to 1,840m3.s~! annual peak
discharge.

Historical flood of the area

During the 19°” to the 21°! of June 2013, heavy precipitations in Southern Alberta lead
to one of their worst flood in 2013 when heavy rainfall combined to snowmelt from
the Rocky Mountains resulting in severe run-off.

The Bow River at Calgary observed hydrograph showed an increase in streamflow
from around 200m3.s~! on the 19" of June to over 1,700m3.s~! at the peak discharge
on the 21° of June as shown on Figure 27.

Discharge (m3/s)

1300
1600 )
1400 |
1200 |
1000 1
00 ‘ |I
&00 |

400 Wy

200 N .’w«‘\- H\“‘w

; § &
& § 5

§ § §
s = &
] U U
2 2 2
$ $ $

<o, '3
<oy '
<oy '

Figure 27: Hydrograph of the flood of 2013 at Calgary from station 05BH004 (Govern-
ment of Canada, 2013)

The disaster resulted in an estimated $6 billion in damage, evacuations, and several
deaths. The Bow and Elbow Rivers both overtopped their natural banks as well as
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flood control barriers along the rivers during the flood of 2013 as can be seen in Figure
28.

Figure 28: City of Calgary in 2013 @Wilson Hui

Description of the levee of interest

Bow and Elbow Rivers house bridges in close proximity to each other due to the high
density populated area (Picton, 2019). Figure 29 shows the location of levee cross-
sections from which Cocaign et al., 2020 defined 11 homogeneous levee segments
of average length 192m to study. We inspired our levee cross-section from the ones
available in Cocaign et al., 2020, raising the crest height while retaining the overall
shape of Calgary’s levees resulting in Figure 36.

Figure 29: Levee cross-sections in the City of Calgary extracted from an HEC RAS
model used by Cocaign et al., 2020
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Calgary’s levees are composed of clay with supporting grounds composed of silts
(Picton, 2019). Agricultural Regions of Alberta Soil Inventory Database (AGRASID)
gives a more precise description and classify Calgary’s levees as loamy clay to clay
with little sand. We considered the soil porosity n € [0.3;0.45] (Hough, 1969), the solid
particle density y; € [2,600;2,800] kg.m ™3, and y,, = 1,000kg.m 3.

The Etobicoke Creek, Greater Toronto Area, Canada

Description of the watershed

Figure 30 shows the Etobicoke Creek watersheds and the study area located in Mead-
owland Park in Brampton, Ontario, Canada. The study area was identified as one of
the flood vulnerable clusters by Toronto Region Conservation Area, 2023.
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Figure 30: Etobicoke Creek sub-watersheds from TRCA from TRCA Information Tech-
nology and Recordq Management, 2021, modified by addition the location of
the study area in red

Toronto Region Conservation Area, 2010 provides spatial land-use map (Figure 31),
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which indicates that for the Etobicoke Creek watershed: industrial land is concentrated
in the central part of the watershed, the headwater area is located in Caledon, is
a mostly rural area, and residential areas are located in Toronto, Brampton, and
Mississauga. Globally, the Etobicoke Creek watershed land-uses are: 60% urban, 28%
rural, 12% natural land, and impervious surfaces 48%. Toronto Region Conservation
Area, 2023 noted a 5% increase in urban area and impervious surfaces with the loss
of 9% of rural areas in 7 years. The study area consists in Residential, Commercial,
Institutional, and Urban open spaces (e.g. parks)

Etobicoke and Mimico Creeks Watersheds
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Figure 31: Etobicoke Creek land-use from Toronto Region Conservation Area, 2010

Toronto Region Conservation Area, 2010 noticed that temperatures near the lake are
slightly warmer due to the moderating effects of Lake Ontario and high urbanization
in the lower portions of the watersheds. Average temperatures vary between 18 to
20°C in summer and —3.5°C in winter. Therefore, precipitations are composed of
approximatively 85% rainfall and 15% snowfall.
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Description of the hydrology of the GTA

The Etobicoke watershed drains 211km? with a mean slope of 0.005. Etobicoke Creek
flows southward to Ontario Lake (Figure 32). Flow values and shape of hydraulic
events were estimated based on the Water Office historical database (Government
of Canada, 2023), which provides water levels and flow values. The hydraulic station
02HCO017 islocated in our study area provided the data for the flood frequency analysis
which determined peak flow values, ranging from 85 to 530m3.s™!. We simulated flood
events associated with return periods 100, 200, 350, 500, 750, and 1,000 year.

Figure 32: Etobicoke Creek levee extension used for the case study
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Historical flood of the area

The historical flood and regional storm of the Southern Ontario area is Hurricane
Hazel which occurred on the 15" of October 1954.

Prior to Hurricane Hazel’s arrival, the Toronto area had experienced above average
rainfall, which saturated the ground, preventing further soil infiltration. Then came
Hurricane Hazel with 285mm of rain in 48 hours causing major flooding. The Etobi-
coke Creek overflowed its banks, damaging houses, evacuating four hundred people,
and killed 81.

In the Brampton area, Hurricane Hazel reached 124km.h !, 183mm of rain in 24
hours to 210mm in 48 hours resulting in water depth of 6 to 9m.

Description of the levee of interest

The study case levee is located along the Etobicoke Creek, on the east side of Main
Street South. The levee was constructed in the mid-1960’s to provide flood protection
to the adjacent residential area. The levee is approximatively 2m high and 550m
long, with a 2m wide asphalt trail on its crest. The original levee was extended in
1967 with a storm drain built to facilitate drainage behind the levee. Information
for the original levee design and construction is not available except for the limited
information regarding the 1967 upgrade as shown in Figure 33.
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Figure 33: Meadowland park’s levee profile from Toronto and Region Conservation
Authority (TRCA)

We chose to model another extension to the levee southwards as shown in Figure 32.
The levee slopes considered consist of 3 : 1 (horizontal:vertical) for the water side and
2:1 for the protected area side of the levee as shown on Figure 46. This extended levee
is able to withstand a 100 year flood return period without overtopping.

It is important to point out that the Etobicoke Creek levee is not directly located
on the river bank but approximately 80m away from the river stream, hence leaving
space for a floodplain. The Etobicoke Creek River banks show significant vegetation
cover during the summer months as shown in Figure 34.
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(a) (b)

Figure 34: Etobicoke Creek River banks at Clarence’s Bridge

Terraprobe Inc., 2023 indicates that the levee is homogeneous. The levee side slopes
are grassed on both sides and well maintained by the City of Brampton. The levee
appears visually to be in a good condition with no conspicuous deficiencies. The
geotechnical report (Terraprobe Inc., 2023) describes the levee cross-section from the
top as a layer of asphaltic concrete (about 50mm thick) at the ground surface, an earth
fill is located beneath the asphaltic concrete layer and extended to 3.0m of depth on
the original levee and to 6.0m at the extension location of the case study levee.

Toronto Region Conservation Area, 2010 describes the Etobicoke Creek watershed
soils as composed of low permeability silt and clay as shown in Figure 35.

60



List of Figures

Etobicoke and Mimico Creeks Watersheds
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Figure 35: Etobicoke Creek soils from Toronto Region Conservation Area, 2010

Terraprobe Inc., 2023 described the levee earth fill material as clayey to sandy silt
matrix with sand and silt pockets. The silty soil contains 10% gravel, 41% sand,
31% silt, and 18% clay for 0.3m3.m ™3 water content, 10~ 8m.s~! levee permeability,
10~%m.s™! foundation permeability, a finished soil settlement, and an estimated earth
fill cohesion of 0kPa for an angle of internal friction of 28°.
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Preface

This chapter focuses on estimation of levee failure probability. Section presents a liter-
ature review on different approaches to flood risk management in several countries (),
and state of the art of levee failure mechanisms and the subsequent failure probability
estimations at the time of writing. Section details probabilistic methods to assess
a levee failure probability and engineering standard practices. Section proposes a
case study application of previously introduced levee failure probability methods.
Section presents a discussion of hypothesis validity range, the impact of parameters,
and advantages of aggregating levee failure probabilities of several failure mechanisms
into a single value.

The content of this chapter was published as Mainguenaud, Peyras, et al., 2023 in
Journal of Flood Risk Management in 2023. The contributions of each co-authors in
the current chapter are as follows:

Florence Mainguenaud conducted the literature review, and wrote the original manuscript
of this publication. Laurent Peyras, Claudio Carvajal, Bruno Beullac, Usman T. Khan,
and Jitendra Sharma supervised the research and contributed to the writing and
editing the manuscript.
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Abstract

Improving protection against fluvial floods requires a better estimation of levee fail-
ure. We developed an assessment method of levee failure probabilities for sliding,
backward erosion, and overflowing each represented by fragility curves. We tested
two approaches to aggregate those fragility curves into a global fragility curve respec-
tively using: an envelop curve and Monte-Carlo simulations. We implemented this
approach to earthen levee reliability for several flood return periods to the Bow River
in Calgary, Canada. We used limit equilibrium method to estimate the safety factor
of the levee segment and Monte-Carlo simulations to estimate sliding probabilities.
We used Terzaghi’s critical hydraulic gradient to estimate backward erosion failure
probabilities. The estimation of overflowing probabilities required expert judgement.
We discussed how the choice of the hydraulic gradient area and the consideration of
a steady state or transient model impact backward erosion failure probabilities. The
results showed for our study case that, even though the transient model is a closer
representation of reality, the levee saturation parameter has little impact on hydraulic
gradient values, by extension, on sliding and backward erosion failure probabilities.
The Monte-Carlo aggregated fragility curve is more realistic than the envelop curve of
the failure mechanisms for an equivalent computation time.

Introduction

Flooding is a worldwide threat: the Intergovernmental Panel on Climate Change
(IPCC) warns that floods will increase in frequency and intensity with climate change
(Field et al., 2014). Recent floods in British Columbia (Canada) and Toulouse (France)
in November 2021 and January 2022, respectively, highlight that floods are a global
issue Our case study, the City of Calgary, experienced its largest flood since 1932 in
June 2013 (City of Calgary, 2013). This flood was due to three days of heavy rainfall
on the melting snowpack in the Rocky Mountains, leading to overflow of the Bow and
Elbow Rivers, resulting in rapid and intense flooding in Southern Alberta watersheds
(Pomeroy et al., 2016; Tanner et al., 2018). The $6 billion in financial losses and prop-
erty damage across Southern Alberta highlights the need for better flood mitigation
and risk assessment (City of Calgary, 2013; Khan et al., 2018; Snieder et al., 2020).
Flood risk management procedures were theorized in response to severe floods
(Beffa, 2000). In Europe, flood risk management is regulated under the directive
2007/60/EC, implementation of which is detailed in European Environment Agency,
2007, Klijn et al., 2008, and Dréb et al., 2010. The first step of flood risk management
is flood risk assessment, which includes developing of prediction models and miti-
gations strategies. Modeling flood hazard refers to defining hydraulic events and the
system performance analysis such as event and fault trees (Rosqvist et al., 2013, CIRIA
et al., 2013, Van et al., 2022). Flood mitigation attempts to limit the extent of flood
damage and loss of life (Snieder et al., 2020) using structural elements (e.g., levees,
dunes, sea walls, dams) and non-structural elements (e.g., risk assessment, risk man-
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agement, governance, and early flood warning systems) as described in Tasseff et al.,
2019 and Conitz et al., 2021. The second step of flood risk management is to map flood
hazard and assets of the area (material properties, economic damages, casualties, im-
material values). The consideration of levee failure may have, depending on the area, a
significant effect on the flood risk map. Our research focuses on flood risk assessment,
specifically evaluating the resilience of flood defence systems of fluvial levees. One
approach to flood risk assessment is quantitative risk analysis, which require time and
availability of data (CIRIA et al., 2013). Another widely used approach is probabilistic
risk analysis, described in the following literature. Kubal et al., 2009 describe inte-
grated flood risk based on the concept of multicriteria assessment as it was developed
in Europe and Vuik et al., 2017 describes the national scaled integrated flood risk
method such as used in United Kingdom (UK) (Hall et al., 2003) or the Netherlands
(Vrijling, 2001). However, national scaled integrated flood risk assessment method
have issues related to the geographic scale for analysis that stem from the transition
of local to national-scaled assessments. At a national scale, it is considered that local
uncertainties cancel each other out and some study do not consider uncertainties
in detail. Therefore, issues include data availability and consistency, developing or
adapting new flood forecasting tools, and selecting the appropriate failure mecha-
nisms for flood defence infrastructures. Lendering, Kasper, 2016 and Gouldby et al.,
2008 propose a method for flood risk assessment at an intermediate or regional-scale.
This scale presents its own set of challenges: the uncertainties made at a national scale
may not apply at a regional scale, and the choice of failure mechanism may differ due
to regional conditions. Vuik et al., 2017 present a semi-probabilistic approach with
probabilistic hydraulic loads and deterministic levees and dunes strength.

For any approach, deterministic or probabilistic, the choice of levee failure mecha-
nism is an important component of flood risk assessment as the resulting flood hazard
may change with the collapse of a levee. We outline three failure mechanisms com-
monly studied: sliding, internal erosion, and overflowing. To evaluate the reliability of
a levee in a probabilistic framework, event or fault tree methods are often used to take
into account complex scenarios. Then, these scenarios occurrence is evaluated with a
probabilistic or a semi-probabilistic approach (Peyras et al., 2012). Probabilistic anal-
ysis on slope stability has been widely documented in literature with limit equilibrium
method or numerical methods. Cho, 2007 applies to a fluvial levee a limit equilibrium
method based on Spencer’s slope stability model and performs probabilistic stability
assessments with Monte-Carlo simulations to study the variations of critical surfaces
due to spatial variability of soil properties. Their study shows the importance of con-
sidering the soil properties spatial variability in probabilistic assessments. Mouyeaux
et al., 2018 provide an example of a probabilistic slope stability analysis on earthen
embankment using finite element method.

Levee internal erosion includes four mechanisms: backward erosion, suffusion,
concentrated leak erosion, and contact erosion, described in Hall et al., 2003 and
International Commission on Large Dams, 2017. The evaluation of internal erosion
mechanism is not completely understood and their deterministic assessment methods
are still in development. Probabilistic models for internal erosion are not as mature as
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the ones available for sliding, leading to fewer probabilistic studies on internal erosion.
The following literature describes a probabilistic approach for each internal erosion
mechanism. S. Lee et al., 2017 propose a probabilistic model to evaluate backward
erosion and suffusion. van Noortwijk et al., 1999 calculated the failure probability
of uplift failure using the directional sampling simulation and concluded it provided
close results with the Fist Order Reliability Method (FORM) approach. Julinek et al.,
2020 provided an application of uplift failure mapping and described uplift failure
downstream of the levee as a mode of failure that occurs mainly in the presence of a
permeable layer in the foundation topped by a layer of more impermeable materials
of small thickness. Vuik et al., 2017 describe the assessment of sea levees considering
overflow and overtopping. Fry, 2016 shows that concentrated leak erosion is the most
dangerous internal erosion mechanism for dams. However, levee failure studies mostly
consider backward erosion or suffusion. The estimation of levee backward erosion
failure relies on comparison of hydraulic gradients to a critical gradient value. Riha
et al.,, 2020 proposed a statistical analysis of experimental critical hydraulic gradients
for heave. Many critical gradient estimation methods consider global gradient in
opposition to local gradient. H. Sellmeijer et al., 2011 use global gradient at hydraulic
structure scale, whereas Terzaghi, 1943 considers local hydraulic gradient to evaluate
internal erosion.

Overtopping implies dealing with waves that go over the levee crest, whereas over-
flowing relates to a consistently higher water level than the. levee crest. Little literature
is available on the mechanical modeling of levee overflowing. Formentin et al., 2018
propose a new method to predict water discharge for over-washed and fully breached
levees. However, extensive literature is available for wave overtopping which can
be estimated using deterministic or probabilistic models. Pickert et al., 2011 detail
the process of overtopping for a homogeneous non-cohesive levee. Deterministic
models include: empirical models (Hydraulics Research Station, 1980, Waal et al.,
1992, Hedges et al., 1998), stochastic models as in Sharafati et al., 2020, or mechanical
models as in Pohl et al., 2008 who use failure equations to describe damage and wave
overtopping. Probabilistic models on are used in the following literature. Aguilar-
Lopez et al., 2018 propose a method to quantify grass cover erosion failure by wave
overtopping. Alhasan et al., 2019 use a random sampling procedure to evaluate the
probability of levee breach by overtopping and study the impact of the surface lining
that protects the levee. Overall, models to estimate failure by overflowing are either
scarce or specific to a given location. These approaches either concern wave induced
overtopping (i.e., not overflowing) or require extensive historical data. An alterna-
tive approach, when such detailed data is unavailable, is to use expert judgement to
estimate failure by overflowing, as done by Hathout et al., 2020 and Rongen et al.,
2022.

To evaluate the reliability of a levee in a probabilistic framework, one can use
fragility curves, which is a function of probability of failure for a mechanism over
a conditioning load (water level or water discharge). Hall et al., 2003 assume that
probability of hydraulic load correspond to a given flood return period and developed
fragility curves for overtopping. R. J. Dawson et al., 2005 extend the use of fragility
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curves to fluvial wall instability and piping. Vorogushyn et al., 2009 study piping,
overtopping, and micro-instability fragility curves. Wojciechowska et al., 2015 gives
a general framework to combine piping, macro-stability, and overtopping fragility
curves.

Our research aims to provide global failure probabilities tailored for flood risk as-
sessment purposes on regional to national scales. We focus on fluvial earthen levees,
which are a common occurrence in cities. The aggregation of failure probabilities pro-
vides a more understandable levee failure map for flood management organizations

Materials and methods

In this study, we propose a probabilistic method to assess a levee failure probability
integrating three failure mechanisms relevant to fluvial levees (CIRIA et al., 2013):
sliding, internal erosion, and overflowing. We selected failure probability methods
for each mechanism according to the current state-of-the-art related to the limit-
state conditions of these mechanisms. Although we consider those mechanisms
independent from each other as done in research to study and understand each
mechanism as well as in engineering for simplification purposes, they are intertwined.
It is difficult to attribute levee failure to a single mechanism as failure tends to result
from a combination of several mechanisms. The probability of occurrence of the flood
(expressed in return period) is associated with the water level of the river. A previous
statistical study on water discharge of the river and hydraulic study provided water
flow and peak water levels of the river for each return period (Picton, 2019).

This study proposes to use the fragility curve method as a probabilistic framework
for all three failure mechanisms, and to estimate the overall probability of failure by
aggregating these fragility curves into a single global fragility curve. The aggregation
of failure probabilities provides a single failure probability value for flood propagation
and avoids making a biased interpretation of the results due to distinct fragility curves
for a same levee segment.

Failure mechanism
Sliding

Assessing the failure probabilities of levees with a minimum computation time is
essential to enable its effective use in flood risk management. To meet the required
level of precision for our study, which is intended for several levee segments, the
most efficient approach is to use the limit equilibrium method (in 2D) for the stability
analysis. Limit equilibrium method defines the safety factor (F;) as the ratio between
the shear strength over the shear stress required for equilibrium. If F; is below 1, it
is considered a failure. Among the different methods of limit equilibrium analysis,
this study adopts the Morgenstern-Price method (Morgenstern et al., 1965) since it
considers shear forces, normal inter-slice forces, and moment and force equilibriums
(GeoStudio, 2021Db).
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We performed the probabilistic analysis using GeoStudio’s SLOPE/W module to
model the slope stability combined with a Monte-Carlo simulation method to obtain
the sliding failure probability (see section ). Sliding failure mechanism complexity
partially stems from uncertainties associated with assumptions required about the
type of material used to build the levee. In this study, to address soil type uncertainties,
we treated the material properties in a stochastic manner. We considered cohesion
c(kPa) and friction angle ¢(°) as random variables in accordance to the sensitivity
analysis results of Picton, 2019, which showed they had the most influence on failure
probabilities. We carried out Monte-Carlo simulations on these random variables to
obtain a probabilistic distribution of F;. We evaluated the probability of failure as the
probability of Fs < 1 and repeated for each flood return period.

To model the sliding failure in GeoStudio, we listed in Table 5 the soil properties of
the Mohr-Coulomb model and the cohesion and angle of friction sampled with normal
distributions truncated to 0 to avoid physically non-coherent values and enable us to
put a lower and upper limit value to the distribution. We based the mean values of
cohesion and friction angle on literature (Peck et al., 1991, Dysli, 2000, Government of
Alberta, 2022) and the standard deviation on expertise covering all the range of values
we extracted from the literature. The unit weight in Table 5 refers to the total density
of the soil.

Levee (Silty clay) Foundation (Loam silt / Silt)
¢ Cohesion Unit 0 Cohesion Unit
(kPa) weight (kPa) weight
(kN.m™3) (kN.m™3)
Mean value 20 15 18 25 10 19
Standard deviation 4 6 - 5 5 -
Variation coefficient C, 0.2 0.4 — 0.2 0.5 -

Table 5: Mohr-Coulomb soil model data

Internal erosion

Among the different mechanisms of internal erosion, and in the absence of drains
or through structures in a levee section, backward erosion is commonly used as the
design criteria for levees. Thus, this study focuses on estimating backward erosion
initiation (not taking into account the erosion progression until the levee failure). The
resulting probability of failure corresponds to the probability of erosion initiation,
which is a safe approximation, as erosion does not always lead to failure such as when
the process is interrupted (e.g., filtration of eroded particles, limited flood duration).
Backward erosion analysis can be performed comparing hydraulic gradients to a
critical gradient fitted to the soil type. H. Sellmeijer et al., 2011 and CIRIA et al., 2013
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demonstrate empirical methods where the seepage flow in the levee is approximated
by a global hydraulic gradient. However, finite element hydraulic models provide
local hydraulic gradients with a better accuracy than the global gradient, therefore
we decided to use local hydraulic gradients for our backward erosion analysis. The
evaluation of hydraulic gradients is a source of uncertainty related to the type of
hydraulic modeling (steady-state or transient model) and to numerical aspects (e.g.
mesh size). We discuss these elements respectively in sections and . A local hydraulic
gradient require a local critical gradient, thus we used the model of Terzaghi to evaluate
the critical gradient. Equation 0.25 defines the local critical hydraulic gradient of
Terzaghi, 1943.

icr =(1-n)(Gs—1) (0.25)

With i, the critical gradient, n the porosity, and G; the specific gravity. Terzaghi’s
model is defined for ascendant laminar flows, horizontal soil layers, and applicable to
fine and loose soils.

The evaluation of the critical gradient is a significant source of uncertainty. For the
probabilistic analysis of backward erosion, this study considers the uncertainty in
the critical gradient by modeling it as a random variable. We computed hydraulic
gradients using GeoStudio’s SEEP/W module. Initiation of backward erosion occurs
at the foot of the levee (land-side), hence the selection of nodes from the hydraulic
analysis as shown in Figure 36 and Figure 37. For each return period, after running
the hydraulic model presented in section , we considered the maximum hydraulic
gradient within the node selection. We defined the parameters of the probability
distribution of the critical gradient based on expert judgment and literature (Hager,
1987).

We evaluated the probability of failure as the probability that the critical gradient is
less than the hydraulic gradient obtained by the numerical seepage analysis model.
Local hydraulic gradients vary depending on the area of interest within the levee.
For backward erosion, the most relevant local gradients are located on the land-
side around the foot of the levee. The local gradient considered in this study is the
maximum observed gradient within a 1m? buffer area around the foot of the levee as
illustrated in Figure 36 and Figure 37.

Overflowing

Levees have some resistance to overflowing failure, but available models cannot de-
termine this resistance without a significant margin of uncertainty. Thus, engineering
practice conservatively considers the occurrence of the overflowing scenario where
overflowing water erodes the levee crest until the levee breaches. The Bow River does
not create significant waves that could overflow the levee, hence in this study we do
not consider waves. In those conditions, the levee is able to withstand a 35 years flood
return period. Overflowing as a type of external erosion is a time dependent mecha-
nism. Visser et al., 1995 describes overflowing erosion in three phases: the beginning
of the overflow and erosion, the progression of the erosion at various speeds, which is
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Figure 36: An idealized cross-section of the Inglewood levee system along the Bow
River in Calgary, Canada from Cocaign, 2018; in red the location of the gradients
of interest for backward erosion.

Figure 37: Node selection around the foot of the land-side levee for the estimation of
backward erosion probability
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the most complex part of erosion estimation, and the collapse of the structure. We
chose to consider that the failure by overflowing equals the beginning of a severe
erosion of the hydraulic structure for hydraulic peak conditions, meaning the end of
the progression phase.

Estimation of overflowing probability based on expert judgement required a group
of specialist engineers including at least one specialized in risk analysis. In addition
to this condition, each expert in the panel must have knowledge of the geotechnical
or hydraulic fields. Each expert independently provided an expert judgement of the
probability of failure considering the water level, the soil type, the geometry, the me-
chanical parameters, and the overflow duration of the levee segment. They estimated
the failure probability due to overflow on a qualitative scale from “not probable” to
“almost certain probability” (7 grades). Then, a group discussion followed, where
misunderstanding of questions and biases were addressed, and the experts selected
together in a consensual way the final qualitative scale of failure. Finally, we trans-
posed the qualitative assessment to a quantitative scale using Table 6 as defined in
the approach of Peyras et al., 2010.

Qualitative expert judgement Transposed quantitative probability

Almost certain probability 0.99

Very high probability 0.6
High probability 0.4
Medium probability 0.2
Low probability 0.1
Very low probability 0.01
Not probable 0.001

Table 6: Extended transposition grid of qualitative expert judgement into quantitative
7 probabilities from Peyras et al., 2010

Seepage analysis

The seepage analysis in the studied levee was performed with a numerical model
based on the finite elements method. This hydraulic model was used on the one
hand to evaluate pore water pressures in the sliding mechanism analysis, and on the
other hand, to evaluate hydraulic gradients in internal erosion analysis. We adopted
Equation 0.26 for the analysis of flow through the levee, which assumes that the flow
follows Darcy’s law regardless of the degree of soil saturation (L. A. Richards, 1931):

=0 (0.26)

0 (3Ks) 00 (0K
ox \ ox oy \ oy
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Where h is the total head, and K, and K, are hydraulic conductivity in the horizontal
and vertical directions, respectively.

This study assumes steady-state flow conditions, as prolonged exposure to the
maximum water level creates conditions for the worst case effects on the levee. As a
complementary approach, a transient analysis allowed us to consider the duration
of the flood and the evolution of the river level during the flood period but required
more computation time compared to the steady-state analysis (see section ). The
consideration of partially saturated soil conditions in the transient model required
additional data corresponding to the volumetric water content and hydraulic con-
ductivity curves. Van Genuchten, 1980, Fredlund et al., 1994, and Aubertin et al., 2003
propose methods to estimate the volumetric water content. We chose Van Genuchten’s
model for its classical use in the field and used the following non-saturated material
model:

0w =0res+ M 0.27)
[1+ (a'@)™]™
In Equation 0.27, 8, represents the water retention curve and ¢ the suction pressure.
The parameters a’, n, and m are the curve fitting parameters which control the shape
of the volumetric water content function. 0,; is the saturated volumetric water
content and 6,.; is the residual volumetric water content.

[1-(@@)" 1+ (@@~
[1+(a'p)"2
In Equation 0.28, K, represents the hydraulic conductivity curve. The parameter K,

represents the saturated hydraulic conductivity and the rest of the parameters a’, n,
m are the fitting parameters of the volumetric water content function.

Ky =K + (0.28)

Monte-Carlo simulations

As defined by Cho, 2007, the Monte-Carlo simulation method is widely used in reliabil-
ity analysis studies and consist in sampling random variables following a probability
distribution. In this study, we integrated cohesion and angle of friction random vari-
ables into the slope stability analysis model to compute the output safety factor (Fs).
We repeated this process to evaluate the statistical properties (mean and standard de-
viation) of the safety factor. In the Monte-Carlo approach, the number of simulations
must be large enough to achieve convergence of the random variables and ensure that
the failure probability (P), defined as the ratio of the number of failures to the total
number of simulations, has a sufficient precision. However, the disadvantage is that
the lower the P value, the larger the number of simulations. For a Py with an order of
magnitude of 10", an equivalent of 10”2 simulations would be required. In order to
limit the number of simulations, we considered the mean and standard deviation of
the safety factor, which converge quickly, to define a probability distribution of the
safety factor. Therefore, the failure probability was evaluated directly from the safety
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factor distribution as the probability that F < 1.

In this study, for each return period, we used 10,000 Monte-Carlo simulations
to determine the distribution of the safety factor. We calculated the probability of
sliding failure as the number of F; < 1. By plotting the results as a function of the
failure probability over the flood return period associated with peak water levels, we
constructed the sliding fragility curve.

Aggregation of fragility curves

Wojciechowska et al., 2015 describe the construction, application of fragility curves,
and derivation of fragility curves to combine them. To be able to aggregate fragility
curves, a shared range of flood return periods associated with peak water level of
the river should be covered. After obtaining fragility curves, we considered two ap-
proaches distinct from Wojciechowska et al., 2015 to aggregate them: one that uses
the maximum function to produce an envelope curve and one that uses Monte-Carlo
simulation.

For the envelope curve, we applied the maximum function to all fragility curves.
For each flood return period, only the highest probability of failure will contribute to
create the global aggregated fragility curve. For the Monte-Carlo simulation method,
we generated a random value ranging from 0 to 1. When the sample value was over the
probability of failure of the failure mechanism considered, we considered the levee
to have failed. We repeated this process for all three failure mechanisms. Then, we
aggregated those three results by considering a global levee failure when one of the
mechanism failed. We repeated this process 10,000 times to obtain an aggregated
probability of failure: the number of global failure over the number of simulations.
The Monte-Carlo aggregation attempts to improve flood risk assessment by suggesting
a more realistic and more statistically robust failure probability aggregation method
for our case study. We discuss the accuracy of our Monte-Carlo simulation method in
section .

Case study

We applied the proposed method to the Inglewood levee system, along the Bow River,
in southeast Calgary, Canada. The Bow River has an average slope of 0.4% over its
645km length (Khan et al., 2018), and an average width of 124m at the case study
location, for an average elevation of 1,042m above sea level (City of Calgary, 2013).
Precipitation is highest in June and July in Calgary and the area is prone to short but
intense thunderstorms. More details about the Bow River’s hydrology properties are
available in Pomeroy et al., 2016. Figure 36 shows the idealized levee we used based
on the Inglewood levee system. We adapted the levee segment, raising its height while
retaining its overall shape. This adaptation lead to non-negligible failure probabilities
for each mechanism, which allowed us to better demonstrate our method. 7 lists the
hydraulic parameters adopted for a specific levee cross-section and Table 5 lists the
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geotechnical parameters. We used the collected hydraulic data from Government of
Canada, 2022 for the station 058 H004 from 1933 to 2015 and which registered 172 to
1,840m3.s™! of annual peak discharge according to City of Calgary, 2020. Agricultural
Regions of Alberta Soil Inventory Database (AGRASID) from Government of Alberta,
2022 classify the levee soil from loamy clay to clay with little sand for which we
assumed a homogeneous levee.

Water levels (m) by flood return period (yrs)
Levee elevation (m) Length (m) 25 30 35 40 45 50 75 100
1045.20 199. 25 1044.71 1044.96 1045.22 1045.49 1045.75 1046.01 1047.25 1048.08

Table 7: Water levels of the Bow River obtained by statistical analysis, built on Picton,
2019

The seepage analysis model was designed for eight flood return periods (25, 30, 35,
40, 45, 50, 75, and 100years) for peak water levels (Table 7). We chose a 0.3m mesh with
triangular and rectangular shapes for the finite element model used in seepage analysis
(see section ). We chose an anisotropic coefficient to consider the construction of the
levee by horizontal layers of soil, which created a higher permeability at the interface

between layers: %

For the transient analysis, the parameters adopted for Equation 0.27 and 0.28 are:
Ksar =5.107"m.s7!, 054, = 0.5, p = 20°, @’ = 6.1kPa, n=1.37, M, = 4.10°kPa"!, and
aresidual water content of 8,5 = 0.005. The initial soil moisture content considered
was 0.05m>.m™3 for an initial water level of 1,043.6m. We selected the following
boundary conditions: the water level was applied on the river’s ground and river side
of the levee and we attributed for the levee crest and land side of the levee a potential
infiltration condition of 0m3.s71.

For the estimation of the backward erosion probabilities, we calculated a mean crit-
ical gradient value of 1.06 using Terzaghi’s Equation 0.25 for values obtained by expert
judgment based on data found in literature: n € [0.3;0.45], and for the specific gravity,
the solid particle density y; € [2,600;2,800] kg.m 3 and y,, = 1,000kg.m 3. The pa-
rameters range provided critical gradient extremum values with a standard deviation
of 0.27. Therefore, to estimate backward erosion failure probabilities, we assumed a
critical gradient curve following a normal distribution N(1.06;0.27) represented in

Figure 38.

Results

Fragility curve for each failure mechanism

The probability failure of each mechanism is conditioned by the probability of oc-
currence of the considered flood. Fragility curves represent the probability of failure
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Figure 38: Critical gradient probability density function (PDF) assumed for backward
erosion using Terzaghi’s model; red line shows the mean value of the critical
gradient

as a function of the return period of the considered flood. The slope stability was
modeled with GeoStudio as described in section and section . This analysis resulted
in Figure 39.a, which shows low sliding failure probabilities for a saturated levee. We
plotted the backward erosion fragility curve in Figure 39.b with backward erosion
failure probabilities over flood return periods. We observed the main increase of back-
ward erosion failure probabilities between 25 and 50 years flood return periods. Table
8 shows the chosen overflowing failure probabilities by the experts, which resulted
in the overflowing fragility curve shown in Figure 39.c. The main increase in failure
probability for the overflow fragility curve occurs between the 35 and 45 years flood
return periods.
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Figure 39: (a) Slope instability fragility curve; (b) Fragility curve for backward erosion;
(c) Overflowing fragility curve; (d) Aggregated fragility curve of the case
study levee
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Flood return period (yrs) Overflow water height (m) Probability
of failure by

overflowing,
conditional on
water levels

100 >1 0.99

75 >1 0.99

50 0.81 0.99

45 0.55 0.99

40 0.29 0.6

35 0.03 0.15

30 0.00 0.01

25 0.00 0.001

2 0.00 0.001

Table 8: Expert estimation of overflowing failure probabilities conditional on water
levels

Aggregation fragility curves

We ran 10,000 Monte-Carlo simulations as described in section to obtain an aggre-
gated probability of failure. We repeated this process for all return period associated
with peak water levels, which resulted in the Monte-Carlo aggregated failure prob-
ability curve as shown in Figure 39.d. We discuss the comparison of the maximum
function (=envelop) and the Monte-Carlo simulation in section .

Discussion

Fragility curve for each failure mechanism

For the Bow River levee segment, the sliding mechanism is not critical, since its
fragility curve has the lowest probability amongst all mechanisms. The design of the
levee with a low height is the main reason for the low sliding failure probabilities.
Backward erosion and overflowing are the most significant failure mechanisms as
shown in Figure 39. Internal erosion is a time dependent mechanism, however the
current model does not account for this, which may result in overestimated backward
erosion failure probabilities. Contributing factors to backward erosion initiation such
as animal burrows, vegetation roots, pipes, or other structures going through the levee
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are not accounted for either, which could balance our previous statement as such
factors may increase backward erosion failure probabilities. Complementary work
on including time and contributing factors to the backward erosion would improve
the erosion fragility curve accuracy. Based on the overflowing mechanism probability
assessment method used, we observed that overflowing failure probability is highly
dependent on the water level applied to the levee and the overflow duration. Moreover,
expert judgement is prone to over- and underestimation of failure probabilities as
shown in Hathout et al., 2019, which may explain why the overflowing fragility curve
has the steepest increase in this case study.

Steady-state and transient models

We ran both steady-state and transient hydraulic models to investigate the effect of
non-saturated soil conditions related to the limited duration of the flood on back-
ward erosion failure mechanism. For the transient model, we used a saturated/non-
saturated soil model, which lead to different values and location of hydraulic gradients
by the seepage analysis. We built theoretical hydrographs by taking into account a
flood duration of 7days as shown in Figure 40, which provides the water levels of the
river over time for all return periods (see section ). These hydrographs are an attempt
to include soil water content variation in our backward erosion model. We compared
both hydraulic models on several criteria: the value of hydraulic gradient, the local-
ization of highest gradients, the influence of the levee saturation parameter, and the
time frame at which the gradients are observed. Because the hydraulic gradient is the
value of interest for backward erosion, we only discuss the hydraulic model effect on
backward erosion.

We observed in Figure 41 that hydraulic gradients location for saturated and non-
saturated models differ. Hydraulic gradient values ranged for all flood return periods
from 0 to 8. As expected, the steady-state model provided the highest hydraulic
gradient values for a given water load with the hypothesis of fully saturated soils.
For information, the transient model last time frame of ¢ = 7 days would present
hydraulic gradients location to be similar to the stationary model, knowing that the
corresponding time frame for the flood was ¢ = 2.5 days. In contrast, the transient
model is a closer representation of reality since it takes into account the change in
water level and in soil water content during the flood event. The results showed that
for this case study, the levee saturation parameter has very little influence on hydraulic
gradient values and location.

Selection of the local hydraulic gradient

Backward erosion starts at the land-side foot of the levee and therefore, local hydraulic
gradients in this area are of interest (Figure 37). The size and shape of the area is worth
further investigation because it has a large influence on the failure probabilities. To
investigate this further, we considered four possibilities regarding the choice of the
hydraulic gradient in the area of interest around the foot of the levee: (i) maximum
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Figure 40: Water level curves for the transient model for selected flood return periods
in the Bow River
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Figure 41: (a) Levee hydraulic gradients for steady-state model, saturated levee for a
flood return period of 35 years (peak flow rate); (b) Levee hydraulic gradients
for transient model at peak flow rate (¢ = 2.5 days), non-saturated levee for
a flood return period of 35 years
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gradient, (ii) mean gradient, (iii) levee mean gradient, (iv) foundation mean gradient.
Figure 42 showed that selecting mean gradient values lower significantly the resulting
failure probabilities: the mean gradient values reached a 0.75 probability of failure
for a 100 years flood return period, whereas the maximum gradient reached it for a
45 years flood return period. We selected a conservative hydraulic gradient for the
construction of the internal erosion fragility curve corresponding to the maximum
value of the hydraulic gradient around the foot of the levee.

Influence of local gradient selection over backward erosion failure probabilities

1.0 1 — maximum gradient values
—-- mean gradient values
—-- mean foundation gradient values

----- mean levee gradient values

o o o
ES o @
|

Backward erosion probability of failure
=
o

o
=]

Flood return period

Figure 42: Fragility curves of backward erosion failure depending on the selection of
the local gradient in the area of interest around the foot of the levee

Comparison of fragility curve aggregation method

We aggregated four fragility curves, each associated with a different failure mech-
anism to create a global fragility curve. This is an important step to improve the
quantification of levee failure during flood events.

In this research, we investigated two approaches to aggregate fragility curves. The
first and most common approach was to consider an envelope curve as described
in section . For the second approach, we proposed a new method, which uses the
Monte-Carlo method to simulate 10,000 potential failures for each mechanism. As
shown in Figure 43, the maximum function curve lays slightly under the Monte-Carlo
curve for the return periods between 25 years and 50 years. All individual fragility
curves rise during this specific interval; it is therefore the most interesting area of the
global fragility curve.

There is no significant change in accuracy from the envelop curve to the Monte-
Carlo aggregation we propose. The improvement in flood risk lies in the fact it is more
realistic and more statistically robust. The main drawback of any aggregation process
is the loss of knowledge of which failure mechanism is predominant.
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Figure 43: Failure probability aggregation curves using Monte-Carlo or envelop ap-
proach for a steady-state, saturated levee segment

Conclusion

Accurate flood risk assessments are a central element toward resilience to flood haz-

ards. With the intent of being part of an integrated flood risk assessment, we proposed
a probabilistic method to assess levee failure probability, which integrates three failure
mechanisms. With this objective, the evaluation of a flood defence system’s failure
probability should maintain a satisfactory level of accuracy since the uncertainties at
this point in the flood risk assessment process will persist throughout the flood risk
assessment. This study proposed an easily implementable method with an acceptable
accuracy level meant for medium scale defence systems (e.g., the area of a city), and
therefore, the models used should be kept as efficient as possible for it to be applicable
to real case structures.

The scientific question we tackle in this study is to develop an assessment method
of levee failure probabilities taking into account various failure mechanisms. We have
selected sliding, backward erosion, and overflowing failure mechanisms as the main
potential failure modes of fluvial levees. For each mechanism, we have selected a
method based on the current state of art to estimate the failure probabilities. We
applied this method to an idealized levee built using one of Calgary’s levee segment
on the Bow River. The case study has shown that the sliding mechanism is the failure
mode with the lowest occurrence probability of this particular levee segment. The

main threat to the studied levee are backward erosion and overflowing.

Finally, we discuss novel interesting effects brought up by our model such as the
different impacts the transient and steady-state models have on fragility curves and
the value of taking the localization of hydraulic gradients into account. The transient

80



List of Figures —

model provides a temporal parameter, which is coherent with the study of flood, which
occurs over a designated period of time. However, it also requires longer computation
times and additional hypotheses on flood duration and theoretical hydrographs.
The selection of the area of interest for hydraulic gradients has an influence on the
probability results.

We recommend the use of Monte-Carlo aggregated fragility curves. Our resulting
aggregated fragility curve is more realistic than the envelop curve of the failure mecha-
nisms. Having a single aggregated fragility curve can improve the interpretation of the
levee failure probability by operators, city staff, and civilians. The aggregated curve
also simplifies flood risk analysis and probabilistic flood extent scenarios with only
one failure probability to consider instead of several.

In future work, we will extend this analysis from estimating levee failure to esti-
mating the overall flood risk over the entire flood duration. This process will allow
including levee breaching and receding of waters from the flood protected area.
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This chapter focuses on probabilistic flood hazard assessment in an area protected by
a levee. Section presents a literature review on flood hazard assessment approaches.
Section details levee failure probability assessment methods, the hydraulic model
used to simulate flooding scenario, and the computation of occurrence probability
of each scenario. Section 0.0.0.1 details the application to the Etobicoke Creek case
study. Section 0.0.0.1 presents a discussion of flood depth and velocity probability
results.

The content of this chapter was submitted as Mainguenaud et al., 2024 to the Journal
of Flood Risk Management in October 2023. The contributions of each co-authors in
the current chapter are as follows:

Florence Mainguenaud conducted the literature review, and wrote the original manuscript
of this publication. Laurent Peyras, Claudio Carvajal, Bruno Beullac, Usman T. Khan,
and Jitendra Sharma supervised the research and contributed to the writing and edit-
ing the manuscript.
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Abstract

A flood assessment results in one or several flood maps, each dependent on a single
hydraulic event, past, present, or future. The resulting flood depends on the intensity
and duration of the modeled hydraulic event. As such, the choice of which hydraulic
events to consider is carefully made: they must be relevant to the location, not too
many to remain understandable for city officials and other decision makers. However
a discrete approach such as this one leaves gaps in the flood assessment like hydraulic
structure breaching events or combined events from different water tributaries.

We chose a residential area protected by a levee along Etobicoke Creek in the Greater
Toronto Area (GTA), Canada. The hydraulic events include backward erosion and
overflowing levee breach scenarios, and cover the Ontario regional event. The levee
is divided into segments, for each one the backward erosion and overflowing failure
probabilities are estimated. Then, for each return period, we simulate flood scenarios
by breaching each segment individually for a single failure mechanism at the time.
The resulting floods maps are associated with a flood event probability and a levee
failure probability, which are combined into one event probability conditional to the
flood probability. For every pixel of the study area, we have a cumulative probability
curve for depth and velocity. This paper presents a probabilistic method for flood
hazard mapping, which considers breach location, and overflowing and backward
erosion failure mechanisms.

Multiplying discrete flood maps will increase potential misinterpretation, hence we
propose a different approach with a single probabilistic flood map covering several
hydraulic events at once.

Introduction

Flood hazard assessment is the first step in flood risk analysis to flood risk analysis
Oliver et al., 2018, and includes flood propagation modeling for which Teng et al., 2017
provided a complete review of methods and flood mapping for one or multiple events
and scenarios. Flooding assessments improved over time with better understanding
of flood triggers and increase of computing capacity for numerical models. A flood
assessment requires modeling existing hydraulic structures (e.g. levees, dams, storm
surge, channels, artificial river streams, and detention basins non exhaustively). Any
modification, removal, addition, or failure of hydraulic structures influences water
flow propagation. Building flood defence structures is a natural response to protect
populations and properties against water level fluctuations (Baldassarre et al., 2013)
making fluvial levees a common feature in urban areas. However levees can reduce
flood risk awareness of nearby communities, triggering the levee effect (Ferdous et al.,
2019). A flood assessment results in one or several flood maps, each depending on
a single hydraulic event be it historical or issued from hydraulic modelization. The
resulting flood extent depends on the intensity and duration of hydraulic events mod-
eled. As such, the choice of which hydraulic events to consider must be carefully made
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to remain understandable for city officials and other decision makers. Flood assess-
ments considering levee failure help in decision making as one of the components to
establish emergency plans, flood mitigation strategies and improve urban resilience.

In this context, Maranzoni et al., 2023 provided a comprehensive review of quantita-
tive flood hazard assessment methods carried out in literature sorting them between
heuristic, conceptual, or empirical approaches. It highlights that flood parameters
include the type of flood, depth, velocity, duration of the flood event, flood arrival
time, return period, flow discharge, sediments transportation, hydraulic structure
breaching, scenario probability, flowing debris, and people behavior (e.g. evacuation
time, traffic modeling, building occupancy). Each flood assessment chose which
flood parameter to focus on depending on the objective of the study. Merz et al., 2007
identified water depth and velocity as the most influential flood parameters, hence
they are the most commonly used in literature. Flood assessment maps can be either
deterministic or probabilistic (D’Oria et al., 2019). Deterministic flood mapping is
calibrated on historical flood events to simulate flood propagation of various event
magnitudes (Baldassarre et al., 2010; Mazzorana et al., 2011). The uncertainties as-
sociated with such flood assessments are due to model inputs and parameters and
can be assessed using sensitivity analysis (Hall et al., 2005). Ferrari et al., 2020 is
an interesting example of deterministic flood mapping, and present a methodology
to numerically simulate levee-breach-induced flooding in wide areas protected by
river levees. Probabilistic flood mapping has the advantage to integrate flood haz-
ard assessment uncertainties addressing the problem of lack of flood hazard model
validation as it integrates various scenarios at once (Maranzoni et al., 2023). Many
probabilistic flood mapping methods are proposed in literature such as Vorogushyn
et al., 2010 who introduced the Inundation Hazard Assessment Model IHAM) which
considers overtopping, piping, and micro-instability levee breaches. D’Oria et al.,
2019 considers backward erosion fragility functions to characterize levee breaches
combined with a 1D-2D hydraulic model. Maranzoni et al., 2022 considered mul-
tiple breaching occurring throughout a single flood event. Baldassarre et al., 2010
compared deterministic and probabilistic flood mapping approaches, recommending
probabilistic approaches.

One of the main gap in literature is integrated methods that cover (i) flood propaga-
tion models of rivers, (ii) levee reliability assessment for different failure mechanisms,
(iii) flood propagation in relation to the breach modeling, (iv) spatialized flood hazard
risk assessment obtained by statistical and probabilistic analysis and aggregation.
Flood propagation models of rivers include: 1D, 2D, 3D, and 1D-2D models. In 1D
models, calculations are made for each section and are suited for river channels and
floodplains modeled with storage areas. But it needs significant post-processing
to generate flood maps. Beilicci et al., 2012 compared of Muskingum method and
DUFLOW 1D models and Meire et al., 2010 presented the STReam RIVer Ecosystem
(STRIVE) model interaction with the storage modeled floodplain. 2D models solve
flow equations across a predefined mesh on ground elevation from a Digital Terrain
Model (DTM) and are used for modeling rainfall and complex floodplains. However
the run time can be long and the in-channel hydraulic is not accurate. Li et al., 2013
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proposed a 2D model based on finite proximate method. Lavoie et al., 2017 compare
2D models SRH-2D and Hydro,S —2D. Morales-Hernandez et al., 2013 proposed
a conservative 1D-2D coupled model for solving the Shallow Water Equations. 3D
models are suited for specific local hydraulic problems like studying structure and
water flow interactions.

Levee reliability can be estimated for different failure mechanisms such as inter-
nal erosion, overtopping or overflowing, and slope instability. CIRIA et al., 2013
presents earthen levees main internal erosion mechanisms: concentrated leak ero-
sion, backward erosion, suffusion, and contact erosion. Concerning internal erosion,
concentrated leak erosion in levees may be triggered by animal burrows connecting
waterside and land-side as presented by Ceccato et al., 2022. Backward erosion failure
estimation consists in a comparison of hydraulic gradients to a local or global critical
gradient value respectively in Terzaghi, 1943 and H. Sellmeijer et al., 2011. Concerning
overtopping or overflowing, Aguilar-Lopez et al., 2018 propose a probabilistic wave
overtopping model to quantify grass cover erosion failure by wave overtopping. Vuik
et al., 2017 estimate overflow and wave overtopping levee failure probabilities for
levees and sand dunes with the Fist Order Reliability Method (FORM) and Monte-
Carlo simulations. Mainguenaud, Peyras, et al., 2023 estimated overflow induced
failure by using expert judgement as described in Hathout et al., 2020 and Rongen
et al., 2022. Concerning slope instability, Mainguenaud, Peyras, et al., 2023 estimate
slope instability, taking into account also backward erosion, and overflowing failure
probabilities for a levee.

Breach modeling and flood propagation through the breach into the protected area
require breaching models integrated into flood propagation softwares. Related to
breach modeling, Mazzoleni et al., 2014 modeled a flood hazard with levee piping
(aka. backward erosion) breaching in the Po river in Italy. Rifai et al., 2018 points out
limitations of fluvial levee breach models that are transposed from dams studies and
rely on empirical formulas and tested for dam breach cases like Mohamed et al., 2002.
For flood propagation equations used in the 2D area, Costabile et al., 2017 presented
the limitations of the diffusive approximation compared to Shallow Water Equation
(SWE) and concluded that diffusive-type models should be avoided when simulating
urban areas due to the poor results around building. Yilmaz et al., 2017 used both
SWE and Diffuse Wave Equation (DWE) to assess flood hazards considering dam
overtopping and piping using Froehlich equations for breaching parameter values.
They determined that maximum depth, velocity, and arrival time should be calculated
by SWE, while flood extent can be accurately determined by DWE.

Spatialized flood hazard assessment consists in assessing the flood parameters in
the areas impacted by the flood. One of the main deliverable could be to provide large-
scale flooding maps from a mosaic of local flood maps. This process was initiated
by the European Environment Agency, 2007 which prompted the formation of large-
scaled flood maps. Scaling up comes with its own challenges but a good example
is presented by Dottori et al., 2016. In this field, Tufano et al., 2023 combined flood
hazard maps of different flood events by overlaying them, making visually appealing
and comprehensible flood hazard maps destined to stakeholders, city officials, or
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insurance companies. Maranzoni et al., 2022 proposed a probabilistic distribution of
the flood hazard levels.

Our research aims to build up an integrated method to assess flood risk in levee
protected areas and in a probabilistic framework. This article covers the different
stages aiming to provide a probabilistic assessment of flood hazard in areas protected
by levees, considering different breaching scenarios. Concerning the hydraulic model,
we consider depth and velocity flood parameters, and we use a 1D-2D model for
our study. Amongst the softwares that enable 1D-2D hydrodynamic models like
TUFLOW, HEC-RAS, or MIKE FLOOD, we chose HEC-RAS which has an integrated
levee breaching option and we use SWE to propagate flooding in the levee protected
area. Concerning the failure modes of the levees, we consider backward erosion and
overflowing failures.

We apply our method to the Etobicoke Creek levee (Canada), which was well docu-
mented thanks to data provided by local authorities.

Finally, the objective of this study is to provide a probabilistic flood assessment
method that incorporates levee failure for several return periods. To this end, we esti-
mate levee failure probabilities for overflowing and backward erosion failure mecha-
nisms. Then, we model flood propagation and simulate extensive flood events and
breaching scenarios. For each simulation, we compute a global flood exceedance
probability, plot and analyze flood parameters versus the global flood exceedance
probability in different locations of the flooded area.

Materials and methods

Levee failure probabilistic assessment

We use the probabilistic method presented in Mainguenaud, Peyras, et al., 2023 to
estimate backward erosion failure probabilities and overflowing failure probabilities.
Here we summarize the main hypotheses and results of this work useful for this study.

Backward erosion probability assessment

Among the different mechanisms of internal erosion, backward erosion is commonly
used as the design criteria for levees. In this study we consider backward erosion
initiation (not taking into account the erosion progression until the levee failure). The
resulting probability of failure corresponds to the probability of erosion initiation,
which is a safe approximation, as erosion does not always lead to failure such as
when the process is interrupted. Backward erosion analysis can be performed by
comparing hydraulic gradients to a critical gradient fitted to the soil type. We compare
local hydraulic gradients obtained from a finite element model based on a seepage
analysis to the critical gradient of Terzaghi, 1943. Using the seepage module from
the software GeoStudio, we computed hydraulic gradients through the levee and
foundation assuming steady-state as a conservative approximation. The soil model
parameters used for the seepage analysis are presented in the study case section
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0.0.0.1. We selected the maximum gradient located on a 1m? area centered on the foot
of the levee where backward erosion starts. To integrate the uncertainty of the critical
gradient, we considered it as a random variable normally distributed and defined
the distribution parameters from expert judgement and literature to fit the study
case (Mainguenaud, Peyras, et al., 2023). Applying this approach, we estimated the
backward erosion probability of each levee segment for our case study on Etobicoke
Creek River and represented the corresponding fragility curve in Figure 44.
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Figure 44: Backward erosion fragility curves for Etobicoke Creek River

Overflowing probability assessment

As described by Visser et al., 1995, overflowing is a time dependent mechanism that
can be fractioned in three phases: the beginning of the overflowing and erosion,
the progression of the erosion at various speeds, and the collapse of the structure.
The progression of the erosion at various speeds being the most complex part of
erosion estimation, and without a surefire method to estimate it, we chose to consider
overflowing failure as the beginning of a severe erosion of the hydraulic structure
for peak flow conditions. To estimate overflowing failure probability, we rely on
expert judgement (Mainguenaud, Peyras, et al., 2023). We constituted a panel of
specialist engineers with knowledge of the geotechnical or hydraulic fields including
at least one specialized in risk analysis. These experts qualitatively assessed each
failure scenario. The qualitative scale ranges from “not probable” to “almost certain
probability” with a total of 7 grades matching with an annual probability. Then, we use
Mainguenaud, Peyras, et al., 2023’s method to transpose qualitative expert judgement
into quantitative probabilities, resulting in overflowing failure probabilities for each
levee segment of our study case and we represented the corresponding fragility curve

87



List of Figures —

in Figure 45.
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Figure 45: Overflowing failure fragility curves

Hydraulic model
0.0.0.1 Water propagation model

We use HEC-RAS’s 1D-2D model to compute the river water surface for a subcritical
flow regime in the 1D area, and SWE in the 2D area. SWE are simplified Saint-Venant
Equations, themselves being a simplification of Navier-Stokes Equations. SWE as-
sume incompressible flow, negligible vertical velocity and vertical derivative terms. A
trial run on our study case showed that this simplification fits the flood propagation
conditions in the levee protected 2D area. We use unsteady flow with theoretical
triangular hydrographs. For each simulation, we kept the highest depth and velocity
values reached during the flood event for each pixel of the protected area.

Levee breaching model

HEC-RAS integrates two breaching mechanism options: (i) piping or (ii) overtopping
(Hydrologic Engineering Center, 2023). The piping breach option (i) opens from the
bottom of the levee, and the erosion will begin on the protected side of the levee
as a result of seepage flow carrying soil particles. As the pipe grows larger, material
will detach and fall into the moving water slowly resulting in an open breach. The
overtopping breach erosion option (ii) starts on the downstream side of the levee, and
was deemed satisfying to model the overflow failure mechanism.

HEC-RAS includes three models that can be used to model the breach: (i) the
parametric breach model, (ii) the “simplified physical” breaching method which
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requires an input of velocity versus erosion rates and breach widening relationships,
and (iii) the DL Breach model developed by Wu, 2016. Considering available data, we
chose to use the parametric breach (i) model for which we calibrated the breach final
width, slopes, and time of breach opening using Froehlich, 1995 empirical equations
provided in Table 9. The final breach depth parameter was chosen by expert judgement
presented in section 0.0.0.1. The backward erosion breaches are deep with steep
slopes, whereas overtopping breaches tend to have a wider bottom section and gentler
slopes than breaches due to backward erosion.

Breach final width Breach slopes Breach opening time

B =0.1803K,(V,,)*32(hp)*!®  Z =1.4 for overtopping tr =0.00254 (V)03 (hy) 7090
K, = 1.4 for overtopping, 1 Z = 0.9 for other failure V,, the reservoir volume at
otherwise; modes time of failure

V,, the reservoir volume at hy, breach final height

time of failure

hy, breach final height

Table 9: Froehlich, 1995 empirical breach parameter equations

Paquier et al., 2016 reminds that breaching starting time and final breach dimensions
greatly influence the water discharge in the protected area. The faster a breach opens,
the more water flow goes through the breach during the flood event, resulting in
higher depths or velocity values in the flooded area.

We did not consider simultaneous, nor successive breach failures as we assumed
that when a breach occurs, it liberates some of the pressure forces on the structure
and should be less likely to breach on nearby downstream segments, which is relevant
knowing that our case study is not a long levee. The consideration of multiple breach
may be relevant for long levees of several kms.

Cumulative global probability of flood depth and velocity

This section aims to obtain the global flood exceedance probability of each simulation
conditional on a flood event and based on a statistical analysis of depth and velocity
flood parameters. The appendix presents the global flood exceedance probability
values of the 350 year return period.

The general process is as follows: for a given return period, we compute the com-
plementary no breach event probability for each breach simulation, which sum con-
stitutes the no breach simulation event probability for the return period. The levee
failure probabilities are obtained as described in section . Then, we use Equation 0.29
to compute the global flood exceedance probability conditional on the flood return
period by pondering the failure or non-failure probability by the number of levee
segments considered for the return period, and the number of failure mechanisms
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considered for a designated return period and breach location. Hence, we assume
that failure mechanisms are independent. For each return period, the sum of each
simulation probability equals 1.

P (failure / nonfailure)

0.29
(nb failure mechanism) - (nb segment) (0:29)

Pglobal | flood) =

Finally, we compute the global flood exceedance probability for each simulation
using Equation 0.30.

P(giobal | flood)
T

Pgiobal = P(giobal | flood) * Pflood = (0.30)

The frequency T corresponds to the return period in years.
We propose two representations of those probabilities for each point described in
section 0.0.0.1 using a log scaled probability axis.

e the cumulated global flood exceedance probability of every breach location,
which showcases the contribution of each scenario and enables the behavior
study of depth and velocity in regards to the levee breach mechanism and its
location,

 the cumulated global flood exceedance probability taking into account every
scenario.

Case study
Case study

Location of the case study

We apply the probabilistic approach presented in section to the protected area,
located in Meadowland park in Brampton, Ontario, Canada, and protected by a levee
on Etobicoke Creek River. For this protected area, city officials raised concerns about
continuous flooding of the residential neighborhood even though a levee is in place.
We applied the probabilistic flood assessment method developed to this protected
area considering the characteristics of both river and levees.

Hydrology considerations

Meadowland park is located in the Etobicoke Creek watershed which drains 211km?
with a mean river slope of 0.005. The watershed main land-uses are: 63% urban, 22%
rural, and 15% natural land cover, while our local study area consists of mostly urban
residential areas (Toronto Region Conservation Area, 2010). We base our unsteady
flow propagation model on the overall type and shape of hydraulic events from the
Water Office historical database, which provides water levels and flow values from the
02HCO017 hydraulic station located near our study area (Government of Canada, 2023).
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Using flood frequency analysis, we determined peak flow values, hereby ranging from
85 to 530m>.s™! for a 121 event. We used simplified triangular hydrographs for a 48/
duration to simulate flood events associated with return periods 100,200, 350, 500, 750,
and 1,000year.

Geotechnical considerations

The levee is located approximately 80m away from the river stream steep vegetated
banks, creating a mitigation floodplain. This case study is a 60 year old levee with
a homogeneous silty embankment, 2m high throughout the 500m of length. The
levee slopes are fairly consistent throughout the levee length and consist of 3: 1
(horizontal:vertical) for the water side and 2 : 1 for the protected area side of the levee
as shown on Figure 46. The asphalt trail on top of the levee crest follows the terrain’s
gentle slope, and welcomes both pedestrians and seldom utility vehicles. This levee is
able to withstand a 100 year flood return period without overtopping.
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Figure 46: Schematics of the levee cross-section for segment 3

In our case study, the earth fill of the levee is homogeneous, therefore topography
and geometry prevailed for the segmentation as shown in Figure 47.a. So we divided
the levee into 5 homogeneous segments based mainly on topography and geometry
considerations. The levee crest elevation follows the natural slope of the river, thus we
considered an average crest elevation for each segment. The curvature of the levee,
visible on Figure 47.b, was a decisive factor to the segmentation. We hypothesize that
the failure probability is constant throughout a levee segment.
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(b)

Figure 47: (a) Levee segments; (b) Photography of the levee oriented toward down-
stream and located at the beginning of segment 3

At the request of York University, a geotechnical assessment was made by the
company TerraProbe to assess geotechnical parameters of the case study area. The
geotechnical assessment indicated a silty soil (gravel 10%, sand 41%, silt 31%, clay
18%) globally homogeneous, 0.3m3.m ™3 water content, 10 8m.s~! levee permeability,
10~%m.s~1 foundation permeability, finished soil settlement, and estimated the earth
fill cohesion to 0kPa and the angle of internal friction to 28°. Those data were used in
the GeoStudio software for the seepage analysis. As described in section , we estimated
backward erosion failure probabilities by computing the critical hydraulic gradient to
using Terzaghi’s equation for expert judgment obtained values: porosity n € [0.3;0.45],
the solid particle density y; € [2,600;2,800]kg.m 3 and y,, = 1,000kg.m™3, and we
assumed a critical gradient curve following a normal distribution N(1.06;0.27).

Hydraulic considerations

Toronto and Region Conservation Authority (TRCA) provided a steady flow hydraulic
model of the Etobicoke Creek area made with HEC-RAS, which we adapted to run
unsteady flow simulations with theoretical hydrographs, a 1D river, and a 2D area for
the flood to propagate behind the levee. The levee was designed to withstand 100
year return period flood events but the city officials concerns and the age of the levee
made assessing the performance of the levee anew important. The High Resolution
Digital Elevation Model is derived from LiDAR data and satellite imagery provides a
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DTM of 1m spatial resolution. The DTM used for the case study results from York2019
survey provided by National Resource Canada (NRCan) in open access. We assumed a
breach final depth corresponding to the levee crest height. We decided to maintain
a constant breach opening time for every simulation, enabling the comparison of
depths or velocity between simulations.

Points of interest in the protected area for the probabilistic
flood assessment

For the flood probability assessment, we consider five locations of interest from the
protected area to analyse the flood results with. Figure 48 shows each point location:

* point 1 has been chosen in the residential neighborhood,
* points 2 and 3 stand behind the levee respectively at segment 3 and 4,

* point 4 is located on the parking lot, and the fifth point on the main road down-
stream of the levee.

Figure 48: Points of interest location in the protected area
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Results

Probabilistic assessment of flood in protected area related to
segments and breaching mechanisms

Following the steps described in section 0.0.0.1 using a python script presented in Ap-
pendix 0.0.0.1, we compute the conditional failure probabilities of each simulation and
the cumulative for each breach and failure mechanism. The result are the cumulated
flood exceedance probabilities represented in Figure 49 and 50 for which each graph
present 11 lines related potential 3 breaching mechanisms (O=Overtopping; P=Piping;
NB=No Breach) and the cross-section of each segment; which failed (BXS;). Each
line is composed of 4-5 points each obtained for a different flood intensity (return
periods from 100 year to 1,000 year).

To analyze the influence of the breach location and failure mechanisms on depth
and velocity flood parameters for each segment considered individually, we present
all point locations in Figure 49. To better showcase our results, we zoom in on points 1
and 5 (Figure 50), point 1 being close to the levee and point 5 being far from it. Points
location are described in section 0.0.0.1.
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Figure 49: Cumulated flood exceedance probabilities for depth and velocity for every
point
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Figure 50: Cumulated flood exceedance probabilities for (a) water depth and velocity
at point 1 (located in the residential area close to the levee), (b) water depth
and velocity at point 5 (located on the main road away from the levee) for
each simulation.

Global probabilistic assessment of flood in protected area

Following the steps described in section art2:cumulativeglobalprobability, we ag-
gregate conditional failure probabilities of every simulation into a single cumulative
curve as shown in Figure 51.
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Figure 51: Aggregated cumulated flood exceedance probability of water depths and
velocities of various locations within the flooded area. Point locations are given in
section 0.0.0.1

Discussion

Influence of distance to the levee on depth and velocity
probabilities

Depth in Figure 50 behaves uniformly throughout the protected area regardless of
the closeness to the levee. Figure 51.a shows that depth intensity diminishes as the
point location gets further from the levee. Points 2 and 3 are the closest to the levee,
followed by points 1, 4, and 5. However, it seems for this case study that there is no
correlation between depth and distance to the levee as point 1 shows lower depth
values than point 4 even if it is closer to the levee compared to point 4. As a result, the
residential area (point 1) does not stand out as being the most impacted by hydraulic
events.

Figure 49 shows that for the furthest location from the levee (points 4 and 5), the
“no breach” simulation velocity range is higher than for closer locations, suggesting
that simulating levee breaching impacts flood propagation. Also, around the breach,
flow velocity peaks and then dissipates the further we go from the breach location.
Figure 51.b reinforce this observation by showing points 2 and 3 with higher velocity
values than the other locations for the same probability. This is logically explained
because they are located in front of the potential breach openings.

In Figure 51.b, point 5 (road location) shows similar probability evolution to point
2 and 3, for a lesser velocity range. Considering how far point 5 is located from the
levee, this result raises questions. The reason could stem from the straight and flat
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terrain conditions offered by the asphalt road, presenting seldom obstacles to slow
water propagation. The point 1 (residential area) and the point 4 (parking area) both
show low velocity values (inferior to 0.75m.s~!) even for high return periods hydraulic
events.

According to this case study results, we can provide the following generalizations:

* Higher depth values are achieved close to the levee,

¢ In case of a breach, velocity peaks close to the breach location and dissipates
quickly with distance to the levee which may reveal an absence of obstacles.
Roads offer a favorable environment to flood propagation, though the impact of
car clutter could hinder the flood propagation and adding floating debris, which
are not accounted for in this study;,

* Considering both depth and velocity is necessary as their behavior differs in
range and probability, particularly velocity should be considered alongside levee
breaches as it impacts the velocity range and location.

Contribution of breaching and non breaching scenarios to the
aggregated probability

Depth contribution cannot be evaluated as the breach scenario contribution to the
aggregated depth probability show but little variation as visible in Figure 49 and
Figure 51.a, where the aggregated probabilities reflect this characteristic by behaving
similarly.

The comparison between the velocity of points 2 and 3 show on the aggregated
velocity probability of Figure 51.b that point 2 probability shows the highest range for
lower probabilities than point 3. This is explained in Figure 49, where point 2 shows
small velocity probability except for breach of segment 3, whereas point 3 shows high
velocity probability for every scenario.

According to this case study results, we can provide the following generalizations:

¢ Ano breach scenario slightly underestimates water depths in case of a breach but
is a good approximation of the range of depth values reached, however velocity
values tend to be overestimated for breach scenarios for locations downstream
of the levee.

* The contribution to each scenario to the aggregated probabilities is identifiable
for the velocity parameters, allowing to discretize between, no breach and breach
scenario, including between breach scenario themselves.

Impact of levee failure mechanisms on depth and velocity
probabilities

In Figure 49, the “no breach” scenario is distinguishable by higher cumulative proba-
bilities than any other scenario. “Overflowing breach” scenarios, rank second, followed
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by “backward erosion” breach scenario, showcasing in the same occasion the reliability
of the levee.

Backward erosion failures show consistant probabilities ranking for both depth and
velocity. as shown in Figure 49. Whereas, overflowing failures result in almost identical
range and probabilities for the depth parameter.

Breaching reduces velocity probabilities, this phenomenon is specially visible in
Figure 50.d.

According to this case study results, we can provide the following generalizations:

* The “no breach” scenario has the highest probability, showing that the levee is
more likely not to fail, confirming the reliability of this case study levee,

* Considering breaching scenarios has a small impact on depth probabilities but
a significant one on velocity probabilities,

e The proposed method allows for a clear view of each failure mechanism con-
tribution to flood exceedance probabilities and shows which critical failure
mechanism to focus on.

Impact of breach location on flood hazard

Figure 49 shows that breach location has no influence on flood depth probabilities.
Backward erosion exceedance probability decreases from levee segment 3, 4, 2, 1
to 5. Segments 3 and 4 are located at the levee curvature and are the most likely to
fail, whereas the upstream segments 1 and 2 are the least strained and segment 5 is
protected by the local topography.

However, the velocity probabilities are highly dependent on the location of the
breach and the point of interest in the protected area (e.g. point 2 located in front of
segment 3 shows high velocities when the breach is located at segment 3). Topography
seems to play a decisive factor for velocity probabilities throughout the flooded area.

According to this case study results, we can provide the following generalizations:

¢ Breach location has no influence on flood depth probabilities.

e This method enables one to identify which segments are most critical, indicating
which ones to focus on if one wants to improve levee reliability and safety of the
protected area. In our study case, the most critical levee segments are segments
3 and 4.

Conclusion

In this study, we presented a probabilistic flood hazard assessment method of levee
protected areas. Our method includes (i) river hydraulics, (ii) levee reliability for
several flood events, (iii) flood propagation with levee failure scenarios, and (iv)
aggregated probabilistic flood hazard mapping.
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Our approach consists in levee reliability study for homogeneous levee segments,
considering various levee failure mechanisms triggered by different flood intensities,
propagating flood in the river and through the levee breach, statistically analyzing
depth and velocity flood parameters located in the protected area. We propose a new
approach to probabilistic flood hazard mapping for flood hazard assessments.

The Canadian case study showcases our new method advantages such as:

* the ability to identify the levee segment the most impactful on flood hazard as
well as the most impacting failure mechanism on the reliability of a given levee
segment,

* locate the most hazardous areas when considering depth and velocity probabili-
ties,

¢ discriminate the most impactful failure mechanisms for flooding in the levee
protected area.

In future works, we will explore the potential of dynamic flood mapping and capi-
talize on probabilistic flood hazard to propose a probabilistic flood risk map.
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Preface

Flood risk assessments are continuously improving, driven by technology, data avail-
ability, and better understanding of the mechanisms involved in flooding events.
Latest advancement in flood risk assessments include:

integration of climate projections to project future flooding scenario, including
changing rainfall patterns, sea-level rise, or extreme weather events,

probabilistic flood modeling, which takes into account uncertainty and vari-
ability in rainfall, water discharge, sea levels, or geotechnical parameters. This
approach provides a wide range of flood scenarios, helping decision-makers
with providing various amplitude of flood hazard,

sensor technology and communication systems enabled real-time flood moni-
toring and improved early warning systems, providing tools to guide evacuation
and stakeholders response to the flood event,

consideration of multiple hazards raising awareness to compound risks,

machine learning algorithms are applied to flood risk assessment in analyzing
large datasets to improve flood hazard predictions. This tool can be used to
identify patterns and trends in historical data.

In this dissertation, probabilistic flood hazard modeling is the main element of inter-
est. Main advantages of probabilistic flood modeling include the use of a quantitative
scale and the ability to integrate different flood scenario. One drawback is its depen-
dence on historical flood data and statistical analysis to estimate the probability of a
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flood event, which is associated with significant uncertainties.

A flood risk assessment requires the combination of flood hazard with a vulnerability
assessment as described in section . First, we present a method to assess flood risk and
focus on vulnerability. Then, the results of its application to Etobicoke Creek. Finally,
we discuss the results and improvements to this flood risk assessment application.

Introduction

Flood risk assessment requires multiple scientific fields (e.g. hydrology, hydraulic,
civil engineering, geography, human sciences). Flood risk assessment is a group work,
cooperation from all fields is required to put together a coherent flood risk map. This
coordination requires a well defined method so that each participant can focus on
providing their contribution made with the right assumptions, simplifications, and
precision scale so that each piece fit together. Core blocks of flood risk assessment
include: data (e.g. hydraulic, topographic, social, economical assets), hydraulic model
to propagate a flood, vulnerability assessment to combine it to the flood hazard
obtained from the flood model.

At the core of every scientific field stand the technology to record data such as
remote sensing technologies (e.g. satellite imagery, LiDAR) for terrain mapping and
land-use, hydraulic stations provide historical data of river water discharge. The
accuracy and reliability of those data is transmitted throughout every analysis. Hy-
drological models predicts river discharge based on hydrographs or rainfall patterns.
The flood propagation model identify potential flood-prone areas. Modelling flood
hazard was the main focus of this dissertation (section ) and is essential to flood
risk assessments. We can divide vulnerability assessment into 3 main type: social,
economical, and environmental. Social vulnerability correspond to how population
is able to evacuate or withstand the flood event. The social criteria is composed of
sub-criteria including: demographics such as age or household composition, income
level, population density, handicap, linguistic (language barrier), population aware-
ness of floods, governance preparedness to floods (evacuation and emergency plans).
Economical vulnerability correspond to the intrinsic resilience of the wealth creation
industry of an area. Some sub-criteria are: the type of industry, the economic diversity,
the infrastructure quality, the business resilience to flood, or the insurance coverage.
Environmental vulnerability refers to the susceptibility of ecosystems to withstand
flooding events. Several criteria can be considered: impact on habitat and ecosystems
due to evolution of the river channel, a high biodiversity should be more adaptable
to environmental changes, erosion control measures (because flooding lead to soil
erosion and sedimentation), vegetation cover which minimizing soil erosion, water
quality and potential polluting industries. Most environmental vulnerability crite-
ria are vague and difficult to quantify due to scarcity of data and method (section ).
Therefore, most flood risk assessment do not take them into consideration or partially
to fit their needs. For this same reason, this PhD dissertation does not dwell on envi-
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ronmental vulnerability.

First, a presentation of flood risk assessment methods, then the results of an applica-
tion to Etobicoke Creek, potential improvements, and finally conclusion of the flood
risk assessment application.

Materials and methods

A flood risk assessment is composed of flood hazard and flood vulnerability combined
with a risk attribution method. There are many definition of flood risk (section ),
but in this dissertation, we consider flood risk as the combination of flood hazard,
exposure, and vulnerability. This combination is done by overlaying flood hazard
and vulnerability layers using a Geographic Information System (GIS). The advantage
of such a method is the convenience of changing a component of flood risk, future
projection of flood and vulnerability can be incorporated and additional weight can
be attributed to a layer over the other.

Each criteria is not always quantifiable with a number or probability, hence the use of
indicators or conversion into a common unit (e.g. monetary values). In general, the
social risk has been less evaluated than the economic risk. Risk assessment methods
are divided in qualitative and quantitative methods. Qualitative flood risk assessment
mainly consist in risk matrices, attribute a qualitative estimate to an area risk by
crossing flood hazard with potential consequences. Risk matrices also combine the
probability of flooding with the potential consequences to calculate flood risk levels.
Quantitative flood risk assessment is divided into which kind of damage (building or
people) is assessed. This PhD dissertation focuses on quantitative flood risk assess-
ment methods. We will present some of the most widely used methodologies, and
develop which one we chose for our case study.

Quantitative risk assessment
Economical risk

Assessing damage to buildings can be done using one of the following approach:

¢ Flood Loss Estimation MOdels (FLEMO) such as HAZUS and CATDAT quantita-
tively assess direct and indirect economic losses due to flooding.

* Flood damage functions link flood parameters (e.g. depth, water extent) to
economic losses. This method estimate monetary consequences of floods and
can be integrated with probabilistic flood hazard models.

¢ Flood Risk Index (FRI) or Composite Flood Risk Index (CFRI), combine flood
hazard and vulnerability into a single numerical value.
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¢ GIS tools can analyze and visualize flood risk by overlaying flood hazard maps,
vulnerability and exposure data. The method of GIS overlay considers mostly
exposure but if hazard and vulnerability layers are added, this method is able to
provide a comprehensive flood risk map.

Here are some example of application. The HAZUS model was developed by the Fed-
eral Emergency Management Agency (FEMA) of the United States of America (USA),
has a standardized method to analyze natural risks such as floods, tsunamis, earth-
quakes, or hurricanes (Scawthorn et al., 2006). The model performs a hydrological
analysis by calculating the flow discharge for each hydrologic region, using the Digital
Elevation Model (DEM) and regional regression equations (Jennings et al., 1994). A
2D hydraulic analysis uses a rating curve to calculate flood depth as a function of the
distance between the channel and the floodplain. Required input data are the DEM,
flood frequency, flow rate, and cross sections. Direct and indirect economic losses are
estimated using depth-damage curves for buildings, transportation, essential facili-
ties, and utilities. The big advantage of the HAZUZ-MH software is that it contains
input data from the United States Census and other national databases, which can be
used directly.

The grid-based GIS approach for regional flood loss estimation, developed by Su et
al., 2005 models a 1D flow for the channel, a 2D flow on the floodplain, and the urban
drainage systems (Storm Water Management Model). The vulnerability analysis uses
depth-damage curves for vehicles (e.g. motorcycles, cars), commerces and industries
(e.g. manufacturing, wholesaler, service, retailer). Data to create those depth-damage
curves were extracted from surveys, interviews, and damage claim information. An
expected annual damage is computed as the integration of the flood exceedance
probability curve, resulting in an expected annual damage for each grid cell.

Societal risk

Assessing damage to people can be done using the Life Safety approaches quantify
the risk to human life such as the Local Individual Risk (LIR) and Societal Risk (SR)
considered in the Netherlands. Some examples are provided below.
Jonkman et al.,, 2011 defines LIR as the annual probability of death of an average,
unprotected person. This allows for a quantifiable indicator to limit construction
permits while located within the 107° probability range as presented in Figure 52.a.
Jonkman, Maaskant, et al., 2009 defines mortality (a.k.a. fatalities) and evacuation
rate parameters establish a fatality number as in Figure 52.b. Mortality functions are
defined in 3 zones: around the breach, in the rapid raising water area, and other.
Jongejan et al., 2011 defines the evacuation rate rely on the forecast effectiveness,
and the reliability of the defence system. Even with a timely warning, the population
might be reluctant to leave, and the evacuation might fail due to congestion. Therefore,
the evacuation rate is expressed as the reduction of exposed individuals in percentage
following the event tree analysis proposed in Figure 52.c.
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Figure 52: (a) Individual risk contours; (b) Loss of life; (c) Event tree analysis of evacu-
ation rate from Jongejan et al., 2011

Maaskant et al., 2010 describes societal risk methods proposed in the Netherlands as
the probability of an accident with many fatalities and represented by an FN-curve,
which shows the probability of exceedance of a certain number of fatalities P(N >= n).
We refer to 3 methods: the frequentist approach, bayesian approach, and a simplified
bayesian approach applied to a dike ring.

* the frequentist approach estimates of the number of fatalities in a flood to
compute an FN-curve, along with upper and lower bounds which delimitate an
uncertainty interval such as in Figure 53.a.

e the Bayesian approach has an FN-curve which correspond to the probability
density function (PDF) as in Figure 53.b.

e the simplified Bayesian approach was introduced as an alternative when esti-
mating the PDF requires too many flood scenarios. The simplification relies on
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two assumptions: flood defences are low probability, high-impact events, and
on the shape of FN-curves. Figure 53.c shows a comparison of the calculated
FN-curve with the Bayesian approximation.
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Method 1: Point estimate

1.00E-02 1.00E-02 4
'T.'T 1.00E-03 Z 1.00E-03
2 8
c
(-3 e
°
§ 1.00E-04 g 1.00E-04
5 g
k] E S

1.00E-05 | . 1
z z 1.00E-05
% —o— Upper bound: E

er boundary a
2 100806 || P
E ~8- Mean estimate £ 1.00E-06
—i— Lower boundary
1.00E-07 y ! 1.00E-07
10 100 1000 10000| 10
Number of fatalities

—&— Multiple point estimate

100 1000 10000
Number of fatalities

(a) Frequentist approach

(b) Bayesian approach

Probability of exceedance

1.00E-01 4

1.00E-02 -

1.00E-03 A

1.00E-04 -

1.00E-05

1.00E-06 -

1.00E-07

1.00E-08

= South Holland Calculated
1.00E-09 1 — South Holland Approximated

1.00E-10 ‘ |
1 10 100
Fatalities

1000 10000

(c) Simplified bayesian approach

Figure 53: FN-curves resulting from societal risk estimation methods from Maaskant
etal., 2010

Multi-Criteria Decision Analysis (MCDA) techniques allow stakeholders to weigh
different factors and criteria (e.g. flood hazard, vulnerability, mitigation measures) to
make informed decisions about flood risk reduction strategies (Romero, 2020). In this
dissertation, we will use as a first approach GIS overlaying method and apply it to a
case study in section 0.0.0.1.
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Chosen flood risk assessment method

The choice of quantitative flood risk assessment method depends on the goals, avail-
ability of data, and scale. We chose to represent and analyze flood risk using GIS tools
to overlay flood hazard maps with vulnerability data. This method is able to provide
a comprehensive flood risk map and adaptable to future vulnerability scenario. The
flood hazard part was presented in section , hazard intensity being expressed as water
depth and velocity. Therefore this section will detail how to assess social and economic
vulnerability.

First, we gather exposure parameters to take into account. Social exposure indica-
tors are chosen from a list of indicators identified by Rincén et al., 2018: age, family
structure, language proficiency, income, education, renters status, and population
density. Economical exposure is represented by land-use data including (e.g. industry,
the economic diversity, the infrastructure quality, the business resilience to flood, the
insurance coverage, impervious and pervious areas, vegetation). Exposure datasets
are gathered from household census database using the census tract reference maps
provided by Statistics Canada, 2021. The census tract cover all metropolitan areas
and agglomerations part of the census program. Exposure data is inventoried in a
shapefile (e.g. location, geometry as points or polygons, number of inhabitants) and
implemented in a GIS software.

Then, economic and social vulnerability layers are assessed using land-use data
along with a building category (e.g. office buildings, schools, hospital, hotel, residen-
tial, houses, and light industry, parking, parks, forests). We consider parks and forests
as not susceptible to floods. If available, data layer will contains main fields such as a
building ID, layout of buildings, main construction material, number of floors, area
(m?), number of inhabitants. Then, flood damage function curves could be used to es-
timate economical vulnerability. However, when no such data is available, a qualitative
level of risk can applied to each exposed element based on their risk level classification.

To overlay each layer, first, we import flood scenarios to a GIS software along with
social and economic vulnerability shapefiles. Each layer is converted to a raster
format and re-classified using the Reclassify Tool from ArcGIS to a common scale
of 1 to 5 where 1 refers to a very low flood risk and 5 to a very high level of flood
risk. Reclassifying a group raster consist in transforming the original scale to another
scale suited for all raster. In this application, flood risk was expressed on a discrete
scale from 1 to 5, 1 being the lowest level of risk and 5 the highest. For example, the
hydraulic raster had a depth and velocity thresholds set based on thresholds causing
instability and potentially life-threatening based from Jonkman and Penning-Rowsell,
2008 or national recommendation. The hydraulic raster scale was discretized in 5
sections each associated with a risk level. After re-classifying every map, the Weighted
Overlay Tool of ArcGIS is used to spatially overlay each maps. The Weighted Overlay
Tool approach is described in Figure 54.
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Figure 54: Weighted Overlay Tool (ArcGIS) sample calculation from Rincén et al., 2018

We applied this method in a flood risk assessment (Mainguenaud, Usman T Khan,
et al.,, 2023) for the Etobicoke Creek case study detailed in section . The flood risk
assessment focused on estimating the propagation of the impacts of levee failure on
flood risk.

Case study and results

Flood scenario and hazard map

The flood risk assessment considers a local area with earthen levees located in Eto-
bicoke Creek, Greater Toronto Area (GTA). Levee failure by piping is considered for a
350 year return period flood event representative of the area considered. Two scenario
are considered: a no-breach and a breaching scenario of the 3”4 levee segment. The
flood model is set as showed in Figure 55.a and uses Diffuse Wave Equation (DWE) to
generate maximum depth and velocity layers. The resulting flood hazard map consist
in an overlay of depth and velocity (Figure 55.b). Depth and velocity values are ranged
from the lowest to the highest value and assigned a new hazard level, preferentially
with the same scale as the risk.
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Figure 55: (a) Flood propagation model geometry and (b) depth and velocity resulting
overlay map for breach of the 3’ levee segment

Exposure layer

Exposure data consist in social exposure (Table 10) and economical exposure. Social
exposure were adapted from Rincén et al., 2018, while economical exposure is rep-
resented by land-use data including: industrial, commercial, institutional, pervious
areas, and open recreational areas. Those datasets are gathered from household cen-
sus database using the census tract reference maps provided by Statistics Canada,
2021. The datasets are reduced to the area of interest and exported into the ArcGIS
software.

Social indicator Criterion

75 years and older

Age 25 to 40 years

Language proficiency = No English nor French, French only

Income Low income Measure after tax

Population Population density per km?

Table 10: Type of exposure data gathered for the flood risk assessment of the case
study presented in section
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Vulnerability layer

A qualitative table from Rincoén et al., 2018 assessed vulnerability levels associated
with social and economical exposure and is presented in Table 11.

Figure 56 represent the vulnerability levels resulting from the overlays of social and
economical indicators.

Quantitative vul-  Social exposure:  Economical exposure:
nerability level percentage  of land-use type

population
5 - Very high > 80% Industrial
4 - High 61 —-80% Commercial, residential buildings
3 - Medium 41 -60% Government, institutional properties
2-Low 21-40% Pervious build up areas
1 - Very low <20% Forest and recreational open areas

Table 11: Quantitative vulnerability levels associated with social and economical indi-
cators

f — Paved Multi-use Trail
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Figure 56: Vulnerability rasters (a) social and (b) economical; in blue the river channel
flowing from top to bottom
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GIS overlay method

The overlay method is applied to obtain a flood risk map from the flood hazard, the
social exposure, and the economical vulnerability resulting in Figure 57. Flood hazard
and vulnerability rasters are reclassified in a new scale to estimate qualitative flood
risk. Then, we overlayed the rasters to determine the spatial distribution of flood
risk. We compared two scenarios: one with a levee breach and one without to better
understand how levee failure impacts flood risks.
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Figure 57: No breach scenario (a) and breach scenario (b) flood risk maps

Discussion

Improvement of economical vulnerability layer

Economic vulnerability could be assessed using vulnerability functions to quantify
the level of damage of a component for a given hazard intensity. Once the economic
value for non-residential and residential buildings asked to the city or estimated from
available databases. We could create vulnerability functions or depth-damage curves
(percentage of damage vs flood depth) for each type building. The economic value
of buildings could be directly added to the vulnerability shapefile. As presented by
Romero, 2020, for a better resolution, the exposure shapefile would be converted from
polygons to points. The economic value for each point would be calculated as the
original value of the polygon divided by the number of points in the polygon.
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Effect of social vulnerability layer on flood risk level

The social vulnerability map seem to have a smoothing effect on the final flood risk
map. This effect originate from the lack of precision of the social exposure data
compared to the scale of the study. The flat vulnerability level associated to the social
layer dilute the levee failure impacts on the risk levels. In doing so, we can not study
the effect of levee failure on flood risk, which is our main objective. To enable visualize
the effect of levee failure on flood risk, we proceeded in applying only the economical
layer to create an economical flood risk map as shown in Figure 58. The map shows
their highest risk levels located in the river bed. This is due to high depth and velocity
values in those area. However, our area of interest is the floodplain. We do notice
a high risk located near the levee breach due to high velocities found in the breach
vicinity. It is important to notice that downstream of the levee, the main road is
impacted by the flood. This is a crucial element for flood risk management evacuation
plans.
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Figure 58: Economical flood risk map

Improvement to flood risk assessment

We can improve social vulnerability layer by applying a filter to better locate social
vulnerability in buildings rather than as a flat criteria (Figure 59).
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Figure 59: Building layer to improve the social data

Moreover, we can use the probabilistic flood hazard assessment from section 0.0.0.1
instead of considering a single flood scenario. A probabilistic flood risk map would
provide a more comprehensive and dynamic approach for stakeholders to understand
and mitigate the impacts of flooding. Adding probability distributions will enable
decision-makers to develop a more informed risk management strategy.

Finally, we can add future scenario for both flood and vulnerability. We assess
current vulnerability, but we could propose mitigation scenarios and apply it to our
case study to estimate the efficiency of management strategies. Our flood hazard
assessment consider levee failure, and there is already a floodplain to absorb seasonal
flood events, a mitigation measure in such case could be the implementation of
permeable surfaces in the residential area to helps absorb and slow down water in
case of alevee breach. The water depth being quite low, this kind of mitigation method

seem appropriate.
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Conclusion

A flood risk assessment provides insight on which location to prioritize when im-
plementing a flood management plan (e.g. a high exposure and low vulnerability
means that the area is resilient to flood events). Flood Risk Management (FRM) main
objective is to reduce exposure and vulnerability to mitigate the overall risk. To make
informed decision, a flood risk assessment map must include every relevant flooding
scenario, including levee failure scenarios. The systematic integration of levee failure
studies is the next step toward improving flood risk assessments. To this end, we
presented different existing methods to assess flood risk, one of which we applied
to Etobicoke Creek. The main objective was to show the effect of levee failure on
flood risk. Accounting for potential levee failure in a flood risk assessment results in
changes to flood risk assessment, highlighting the importance of pursuing regular
levee maintenance and include levee reliability into regular flood risk assessment rou-
tine. However, there are areas for improvement in vulnerability assessment methods
as well. First, there is a need to standardize qualitative and quantitative approaches,
ensuring quality datasets and ensure their applicability across diverse contexts. The
combination of probabilistic flood hazard and vulnerability estimation methods pro-
vides a framework for understanding and improve mitigation of flood risk. Continuous
research and development are essential to improve flood assessments so that in turn
buildings and cities can adapt, improve their resilience facing social and climate
changes.
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Chapter Seven: Conclusion

Summary of research and main results

Natural disasters such as flooding impacts multiple countries around the globe, affect-
ing the economy and social life. This phenomenon stems from various meteorological
mechanisms and is exacerbated by climate change in some areas. Flooding takes
various shapes, but this PhD dissertation focused on urban fluvial floods. In response
to flood threats, structures were built over time to protect people and assets. However,
defense structures may also fail, therefore flood hazard and risk assessments are a
requirement in many countries, sometime conducted on a national scale. However,
integrated flood assessment methods have room for improvement, leading to this
research after identifying gaps in literature.

In this PhD dissertation, we developed a method to estimate quantitative flooding
hazard taking into account levee breaches, using flood exceedance probabilities.
This method will provide public authorities with flood hazard maps including the
possibility of levee breaching. This information is essential to make an informed
choice when attributing building permits or renovating in the floodplain area. As a
preventive measure, appropriated mitigation solution can be anticipated for areas
that area protected by a levee. The final purpose was the development of an integrated
method for probabilistic flood hazard assessment. To this end, novel contributions of
this PhD dissertation include:

* Amethod to assess levee failure probabilities integrating multiple failure mech-
anisms: internal erosion, overflow, and sliding. In addition to which an aggrega-
tion method of the failure probabilities was proposed

¢ A probabilistic flood hazard assessment method, taking into account uncertain-
ties by simulating a large number of levee breach scenario

* Identification of possible improvement to the vulnerability layers, which in turn
enables a more precise flood risk assessment

Assessment of levee failure probabilities

The failure probability of flood defence structures needs to maintain a satisfactory
accuracy level as it is one of the first component of flood risk assessments and its un-
certainties propagates throughout the flood risk assessment. The method developed
in this PhD dissertation was applied to sliding, backward erosion, and overflowing
failure mechanisms. The innovative element of this research is the development of
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a Monte-Carlo method to aggregate fragility curves, creating a single levee failure
probability curve given a specific levee segment.

In an operational framework, establishing fragility curves require the considera-
tion of 3 or more flood events, preferentially one before the levee is threatened by
water levels, several around the expected failure, and one after the levee breaches.
This representation of results is easy to read and understand. However, there is as
many fragility curve as failure mechanisms. Aggregation of all relevant failure mech-
anism becomes a main concern as aggregated fragility curve guides stakeholder’s
understanding of levee failure and flood risk. This approach simplifies levee failure
integration into a larger scale scheme of probabilistic flood hazard and flood risk
analysis. This approach requires geotechnical (e.g. soil type, permeability, normal
and shear strength, angle of friction) and hydraulic data (e.g. water levels, probability
of occurrence). If data is scarce, the first option should be to request a geotechnical
study of the area. Otherwise, technical literature can provide a range for geotechnical
parameter values. The least option to go for is making an assumption. For hydraulic
data, usually hydraulic stations are openly available. Otherwise, on-site survey backed
up by historical reports about the river are the only last option before making an expert
judgement based assumption.

The results showed that the order of magnitude of failure probabilities depends on the
shape and material which defines the levee. In the case study, sliding was the failure
mechanism with the lowest probability of occurrence.

We discussed the effect of using a transient (non-saturated soils) over a steady-state
(saturated soils) model on backward erosion fragility curve. As shown in section,
the steady-state model provides higher hydraulic gradient values than the transient
model, however the levee saturation had little influence on gradient values. This
conclusion cannot be generalized to other soil types than the one considered in the
study case.

We discussed the effect of hydraulic gradients location in backward erosion prob-
abilities estimation. Locations include the selected area of interest: (i) maximum
gradient, (ii) mean gradient, (iii) mean gradient within the levee only, or (iv) the mean
gradient within the foundation only. Mean gradients provided significantly lower
backward erosion failure probabilities compared to the maximum hydraulic gradient.
Therefore, a conservative approach is to consider maximum hydraulic gradients to
estimate backward erosion fragility curves.

Limitations of this method include the necessary simplifications made to assess each
failure mechanisms. Those simplifications were made for a scale of the structure or
larger. Therefore, the applicability of this approach is limited to those scales.

Probabilistic flood hazard

We proposed a method for probabilistic flood hazard assessment considering levee
reliability for several flood events, which resulted in a cumulative flood exceedance
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probability curve for each location of the flooded area. Using the levee performance
method presented in this dissertation, we estimated the levee reliability for homo-
geneous segments. Then, we propagated the flood and analyzed depth and velocity
parameters. This method result in a probabilistic flood hazard curve associated to each
location of the levee protected area, providing a spatial representation of potential
floods while considering levee failures.

The innovative aspect of this research is the development of a new approach to
provide probabilistic flood hazard map for flood risk assessments while considering
levee failure. This approach enables the identification of levee segments and failure
mechanisms with the most impact on flooding.

In an operational framework, assessing probabilistic flood hazard with the presented
method requires numerous flood propagation scenario including various flood events
and systematic levee breaching. Once the hydraulic model is defined properly and
run, the next flood propagation simulations will need a shorter running time due to
locally saved terrain and other input data.

The post-processing required after raw data (depth, velocity) would be more ef-
ficient if it was integrated in a software but as a first approach, coding is sufficient.
The cumulative flood exceedance probability curves can be computed for the whole
flooded area.

This method has limitations, include the probabilistic flood hazard method relies on a
previously established levee reliability assessment, applying this method to a large
scale will increase the computational strain, and a dynamic graphic representation of
the flood hazard would help visualize spatially the results. Moreover, without enough
input data (geotechnic and hydraulic) applying this method is not possible.

Future work

Usage of Geographic Information System (GIS) tools to
represent flood hazard

There is two way of visualizing flood hazard: probabilistic flood hazard map for a
single flood parameter (either depth or velocity), and combining depth and velocity
into a single flood map. So far, we proposed a proof of concept to assess probabilistic
flood hazard as shown in section 0.0.0.1. Our next step is to generalize this approach
to the flooded area. To this end, we want to expand regular flood mapping with a
cumulated flood exceedance probability curve for every location by using GIS.
Another approach to flood mapping is to merge flood depth and velocity maps into
a single flood hazard map. Depth and velocity parameters can be considered together
using a GIS overlay tool to provide a flood hazard map. To overlay depth and velocity
maps, first we decide on a common hazard level scale and both maps are re-classified
to this scale. Then, both maps are assigned an equal weight. If a parameter is more
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valued than the other, different weight could be assigned and each cell value would be
multiplied by it. Finally, overlayed cell values are added together, resulting in a flood
hazard map.

Vulnerability

The vulnerability assessment as presented in section 0.0.0.1 showed limitations due to
the precision of available data sets. When the social vulnerability is taken into account,
the resulting flood risk map shows less information than when only economical
vulnerability is taken into account. Therefore, only data sets of similar precision
should be used, and we propose to improve the available data sets. The economical
vulnerability data can be improved on by implementing damage curves based on the
type of existing building in the flooded area.

The social vulnerability data can be improved on by refining the data grid rather than
use the coarse grid available. This could be done by locating buildings in the flooded
area and assigning a vulnerability level to each building. Moreover, as a new approach
we want to include some variability to the population density data. Depending on the
time of the day, population density should vary based on a building type expected
occupancy.

Measuring change in risk under changing conditions

Climate change relies on multiple mechanisms. The resulting increase in temperature
has a direct impact on flooding. Glaciers melting and and ocean thermal expansion
lead to sea level rise (Climate Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, 2013). And the increase in air temperature leads to a decrease in the
relative humidity, therefore warm air can hold more water than cold air (Ecological
Climatology: Concepts and Applications, 2015), leading to an increase in precipitation
intensity. This dissertation’s case study was chosen based on creating a new method
to integrate levee failure into flood risk assessments. Therefore, nor the scale, nor
the location of the case study was suitable to showcase the impact of climate change.
Regardless, we anticipated a way of including climate change scenarios with our
method. To this end, we propose to consider new hydraulic events and changes in
vulnerability.

First, we propose 2 approaches to integrate an increase in precipitation: either
create new hydraulic events or increase existing flood event probabilities. The new
hydraulic events can be guided by climate projection for the area, the peak flow and
shape of the hydrograph can be modified to fit the type of scenario (e.g. increase
of peak flow, successive raining events, heavy rainfall after a draught which affects
soil permeability). The other option is to downscale climate data to drive the hydro-
logical model to obtain the hydraulic loadings on the levee. Flood events that use
to occur rarely would have a frequency increase. In our model, that would mean

117



List of Figures —

keeping the flood propagation and levee failure probabilities but increasing flood
event probabilities.

Second, to simulate the changes in vulnerability triggered by urban policies, we can
define different population density and land-use scenarios. For example, projections
about aging population, increase of city center density, city development which de-
creases water absorption. Several scenario can be estimated based on current policies,
and exploring new ones. In our model, that would mean changing vulnerability maps.
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Appendix A: Global flood exceedance probability
conditional on the 350 year return period

We are faced with 3 possible breaching outcomes for each levee segment (Figure 1).
As every “no breach” flood event results in the same depth and velocity outcome, we
considered 11 scenarios instead.

v

River

Figure 1: Schematics of the levee system

5

Levee

Levee
segment

Scenario :
- overflow breaching
- backward erosion

breaching

- no breaching

Throughout the flood return period 350 year, we consider 2 failure mechanisms
(backward erosion and overflow) for each levee segment (labelled as breach location
in Figure 2. The non-failure probability associated to the no breach event is the sum of
every breach simulation complementary probability, hence artificially superior to 1.

Global flood Verification sum
Breach ) Retumn Prc'::tljoact);ijlity Nl;aTI?J?;Of Failure/ | exceedance g:;’:gzg;?‘%: Globalflood
; Failure Mode | Period i non failure probability i exceedance
Location wrs) | (MT).Tthe | mechanism | oo uiiivg | conditional on probability probability
return period | considered return period ccndltlona_l on
return period
NB none 350 2,86E-3 2,00 7.39E+0 7.39E-1 2,11E-3
BXS1 backward erosion | 350 2,86E-3 2,00 1,23E-3 1,23E4 351E-7
BXS1 overflow 350 2,86E-3 2,00 2,00E-1 2,00E-2 571E-5
BXS2 backward erosion | 350 2,86E-3 2,00 1,37E-3 1,37E4 391E-7
BXS2 overflow 350 2,86E-3 2,00 6,00E-1 6,00E-2 1,71E4
BXS3 backward erosion | 350 2,86E-3 2,00 1,18E-3 1,18E-4 1,00E+0 3,38E-7
BXS3 overflow 350 2,86E-3 2,00 1,00E+0 1,00E-1 2,86E4
BXS4 backward erosion | 350 2.86E-3 2,00 2,29E-3 2,29E4 6.55E-7
BXS4 overflow 350 2.86E-3 2,00 6.00E-1 6,00E-2 1.71E4
BXS5 backward erosion | 350 2,86E-3 2,00 1.41E-4 141E-5 4,02E-8
BXS5 overflow 350 2,86E-3 2,00 2,00E1 2,00E-2 571E-5

Figure 2: Global flood exceedance probabilities for the 350 year flood event
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Appendix B: Python script
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[]:

[ 1:

main

August 31, 2023

import pandas as pd

import numpy as np

import sys

import matplotlib.pyplot as plt

sys.path.append(r"G:\My,
~Drive\02_phd\00_projects_major\20_lsh\src\experiments\clustering\florence")

# read the sumlation data file
filename = "dat/DataArcGIS-MM.csv"
df=pd.read_csv(filename)

# set some constants
n_levees = 5
n_failure_mechs = {0:0, 100:1, 200:2, 350:2, 500:2, 750:2, 1000:2}

df ["FloodProbability"] = 1/df["ReturnPeriod"]
df ["BreachLocation_FailureMode"] = ["{}_{}".format(row["BreachLocation"],
wrow["FailureMode"]) for _,row in df.iterrows()]

# for each return period, we calculate the failure probability as sum of 1- the,
wfatlure probability at all other locations

return_periods = np.unique(df ["ReturnPeriod"])

for rp in return_periods:

idx_not_nb = (df ["BreachLocation"] != "NB").values & (df["ReturnPeriod"] ==
~rp) .values

idx_nb = (df ["BreachLocation"] == "NB").values & (df["ReturnPeriod"] == rp).
~values

df .loc[idx_nb, "FailureProbability"] = np.sum(l - df.loc[idx_not_nb,,
~"FailureProbability"])

# calculate some other probabilities
df ["NumFailureMechs"] = [n_failure_mechs[x] for x in df["ReturnPeriod"]]
df ["GlobalFloodExceedProbConditional"] = df ["FailureProbability"] * (1/
odf ["NumFailureMechs"]) * (1/n_levees)
df ["GlobalFloodExceedProb"] = df ["FloodProbability"] *
~df ["GlobalFloodExceedProbConditional"]



[ 1:

[ 1:

print (df .head(5))

Simulat

S W NN - O

DP
.0000
.1757
.2194
.5433
.9413

DS W N e O
= = = O O

VP
.0000
.1876
.2179
.3282
.5950

S W NN = O
O O O O O

NumFailureMechs

> W NN - O

# here we vertfy the probability sums (not sure why one is 0.5 but tt's they

ionID
NB100
NB200
NB350
NB500
NB750

-1
00
81
10
70
30

O O O O O

-4
00
70
94
53
75

= O O O O

FailureProbability BreachLocation ReturnPeriod FailureMode
4.995565
4.997409
7.393791
4.985267
4.969865

VP-1

.000000
.031979
.257845
.373160
.4956274

DP-5

.000000
.000000
.266174
.692139
.491520

N NDNN =

N NN+~ O

= = O O O

DP-2

.00000
.14439
.18317
.50119
.89677

VP-5

.00000
.00000
. 74344
.14301
.43479

~same in the exzcel doc)

VP-2
0.000000
0.329716
0.541653
0.753000
0.929549

NB
NB
NB
NB
NB

DP-3
0.00000
1.57953
2.41255
2.65971
3.04398

VP-3
0.000000
0.145693
0.878128
1.164720
1.525750

100
200
350
500
750

DP-4
0.00000
1.02338
1.44754
1.78238
2.45863

NONE
NONE
NONE
NONE
NONE

\

FloodProbability BreachLocation_FailureMode

0.010000
0.005000
0.002857
0.002000
0.001333

0.999113
0.499741
0.739379
0.498527
0.496987

verrification_sum = {x:df.loc[df["ReturnPeriod"] ==,
~X,"GlobalFloodExceedProbConditional"].sum() for x in return_periods}

print(pd.Series(verrification_sum, name="ReturnPeriod"))

100
200
350
500
750

1000 1.

N e
o O O o1 O

0

Name: ReturnPeriod, dtype: float64

0
0
0
0
0

NB_NONE
NB_NONE
NB_NONE
NB_NONE
NB_NONE

GlobalFloodExceedProbConditional GlobalFloodExceedProb

.009991
.002499
.002113
.000997
.000663

def get_probability_curve(df:pd.DataFrame, column:str, probability_column:
~str="GlobalFloodExceedProb", ascending=True) -> pd.DataFrame:

\



[1:

# this function will copy a slice of a dataframe, sort it, and return the,
—associated cumulative probabilities

if column not in df.columns: raise ValueError('{} not found in dataframe'.
oformat (column))

if probability_column not in df.columns: raise ValueError('{} not found in
~dataframe'.format (probability_column))

# copy a sorted subset of the main dataframe and calculate cumulative,
<probability

df _sorted = df.sort_values(column,
~ascending=ascending) [ [probability_column,column]].copy()

df _sorted["CumSum"] = df_sorted[probability_column] .cumsum(axis=0)

return df_sorted

def cm2inch(x):
# simple function to convert cm to inch for matplotlib units
if type(x) is tuple: return (x[0]/2.54, x[1]/2.54)
else: return x/2.54

# colours to distinguish DP and VP
colours={"DP": 'darkblue',"VP":'darkorange'}

# set tterables

profiles = ["DP","VP"]

sites = range(1,6,1)

fig, axs = plt.subplots(figsize=(cm2inch((24,12))), nrows=2, ncols=5,,
<sharey=True)

for ii, profile in enumerate(profiles):
for iii, site in enumerate(sites):
col = "{}-{}".format(profile,site)

df_sorted = get_probability_curve(df=df, column=col)

# plot the cumulative probability against etther the depth or wvelocity

axs[ii,iii] .plot(df_sorted[col],df_sorted["CumSum"],'.-',,
~color=colours[profile])

axs[ii,iii].set_title(col)

axs[ii,iii].grid('minor"')

if iii == 0: axs[ii,iii].set_ylabel('CumProb')

#ars[ii,111].set_zlabel (profile)

fig.tight_layout ()



[1:

CumProb

DP-1

DP-2

DP-3

DP-4

DP-5

0.020 A

0.018

0.016

0.014 A

0.012 A

0.010 A

VP-2

VP-3

VP-4

VP-5

0.020

0.018 1 b 1 1

0.016 1 b 1 1

0.014 - . . . .

CumProb

0.012 A 1 b 1 1

0.010 4 ? 1 b 1 1
0.0 0.5 0 2 4 0 5 0.0 0.5 0 1

# create plots that show all depth and velocity data
# assign fig2 since we will simply plot these using the data from thr previous,
~ftg, rather than tterating over the dataset again or saving it on the fly

fig2, axs2 = plt.subplots(figsize=(cm2inch((24,12))), nrows=1, ncols=2,,
~sharey=True)

markers = ['o','x',"'.","+','v']

for ii, profile in enumerate(profiles):
for iii, ax in enumerate(axs[ii,:]):
axs2[ii] .plot(ax.lines[0] .get_xdata() ,ax.lines[0].get_ydata(),,
omarker=markers[iii], label=ax.title.get_text())
axs2[ii] .legend ()
axs2[ii] .grid ()
axs2[ii] .set_title(profile)

fig2.tight_layout ()
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# next we want to plot curves for spectific location / failure type combinations;

<~ each curve will have n points associated with n RPs
# for each one, we agatin want to sort by depth, then get the cumulative,
<probability

scenarios = np.unique(df ["BreachLocation_FailureMode"])
fig3, axs3 = plt.subplots(figsize=(cm2inch((24,12))), nrows=2, ncols=5,
~sharey=True)

for ii, profile in enumerate(profiles):
for iii, site in enumerate(sites):
col = "{}-{}".format(profile,site)
for loc_fail in scenarios:
df _sorted =
~get_probability_curve (df=df [df ["BreachLocation_FailureMode"] == loc_faill,
<~column=col)

# plot the cumulative probability against etther the depth or,
—velocity

axs3[ii,iii] .plot(df_sorted[col],df_sorted["CumSum"],'.-',,
~label=loc_fail)

axs3[ii,iii] .set_title(col)

axs3[ii,iii] .grid()

axs3[ii,iii].set_yscale("log")

if iii == 0: axs3[ii,iii].set_ylabel('CumProb')

fig3.tight_layout ()
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