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Abstract: In modern urban areas, water management highly depends on the socio-ecological urban
water cycle (UWC) that heavily relies on water infrastructures. However, increasing water-related
hazards, natural and/or human-based, makes it difficult to balance water resources in the socio-
ecological UWC. In the last decade, urban infrastructure resilience has rapidly become a popular topic
in disaster risk management and inspired many studies and operational approaches. Among these
theories and methods, the “Behind the Barriers” model (BB model), developed by Barroca and Serre in
2013, is considered a theory that allows effective and comprehensive analysis of urban infrastructure
resilience through cognitive, functional, correlative, and organisational dimensions. Moreover, this
analysis can be a reference to develop actions that improve infrastructure resilience under critical
scenarios. Therefore, this study aims to study resilience design actions based on the BB model to
achieve socio-ecological water balance and assess the performance of these actions. The study focuses
on water management on a neighbourhood scale, which is considered the essential urban unit to
study and improve the resilience of critical infrastructures, such as water services. The Part-Dieu
neighbourhood in Lyon, France is selected as a case study, and it highlights the need to develop
indicators to assess the performance of implemented actions in a structural and global resilience
framework, to understand urban systems as complex and dynamic systems to provide decision
support, and to strengthen crisis prevention and management perspectives in a dynamic approach.

Keywords: water management; “Behind the Barriers” model; resilience; urban water cycle; water
balance; water management; performance assessment; neighbourhood; Part-Dieu

1. Introduction

Environmental changes, combined with the concentration of property and persons
in urban territories, foretell devastating events in the coming years. The consequences of
the frequency and severity of climate extremes will lead directly to more intense droughts
alternating with heavier rain and snowfalls. Indirectly, global changes can produce several
health risks, disturbances in urban activities, and ecological imbalances [1–3]. Given the fact
that environmental changes also imply an ever-increasing uncertainty in risk assessment,
new risk management strategies need to be developed for anticipating scenarios that
probabilistic models judge to be extreme or rare at present [4,5].

According to a recent report by the United Nations, 55% of the world’s population
lives in urban areas, a proportion that is expected to increase to 68% by 2050 [6]. Water
constitutes a basic element of human and urban civilisations. The discussion on urban water
resources is becoming more and more indispensable because of its crucial role in future
human development [7,8]. Climate change, growth and rapid urbanisation, and sudden
changes in water demand are making urban water problems severe; moreover, the extreme
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weather risks following climate change, such as droughts, floods, and less predictable
rainfall and urban heating, increase the vulnerability of urban water management [9–13].

As also highlighted in the latest IPCC AR6 report, the problem of “water scarcity”
will increase in small islands and the Mediterranean region, while rainfall will increase in
northern Europe and decrease in southern Europe causing major challenges for irrigation,
hydropower, ecosystems, and urban settlements [3]. In Europe, about 11% of the population
is at risk of water scarcity and unsafe water supply, conditions that contribute to the death
of 14 people every day. In this context, the COVID-19 pandemic has added further pressure
on the global water sector, which is already under severe pressure from climate change,
population growth, and inadequate infrastructures [14,15].

At the urban level, water performs multiple functions through a complex cycle known
as the urban water cycle (UWC). The concept of water cycle came from the ecologic
hydrologic cycle and evolved into a chain of urban water services to the urban population,
including water supply, drainage, wastewater collection, and water management. The
UWC system highly relies on many technical infrastructures, for example: water supply
infrastructures to import large quantities of water to users, drainage infrastructure to
create a runoff collection and transportation system to reduce the risk of flooding and
surface water ponding, or sewage treatment infrastructures to treat contaminants from
municipal wastewater. All urban functions depend directly on water resources, and urban
infrastructures are interdependent and essential for city performances [16–18].

In this scenario, the UWC is, therefore, a key strategy for sustainable and resilient
water management. Inefficient water management leads to numerous urban risks, such
as water scarcity, urban flooding, or drought. Sustainable and resilient systems need to
be envisaged to address urban water-related risks, and alternative sources need to be
evaluated to make the infrastructure smarter and more resilient [19–21]. It is necessary to
move from linear models to circular models of water management [22].

In the very recent past, the notion of vulnerability has formed the dominant paradigm
for risk and disaster analysis; over the last few years, resilience appears to be a concept that
is a bearer of hope. The vulnerability concept focuses on how to keep cities protected from
hazards, while the resilience concept considers accepting hazards into cities, but transforms
them into a non-risk factor [23–26]. If urban resilience can be defined as “the ability
of an urban system-and all its constituent socio-ecological and socio-technical networks
across temporal and spatial scales-to maintain or rapidly return to desired functions in
the face of a disturbance, to adapt to change, and to quickly transform systems that limit
current or future adaptive capacity” [27], water resilience can be defined as the role water
plays in safeguarding and sustaining the state of equilibrium of socio-ecological systems.
Maintaining this balance is fundamental to ecosystems and biomes, the stability of regional
weather and climate systems, the stable water supply required by societies, and the state
of the biosphere and earth system [28–30]. This condition at a local scale, within the
framework of the UWC, is defined as water balance. Water balance can thus be considered
an ideal resilient state achieved through local water management, consisting of the balanced
relation between water storage, water inflow, and water outflow [31–33].

The purpose of this article is to study the resilience conditions of the water balance
state, on a neighbourhood scale, by applying the “Behind the Barriers” conceptual model
(BB model), developed by Barroca and Serre in 2013 [34]. This model suggests overcoming
the barriers of the traditional thinking of urban disaster risk management, accepting the exis-
tence of hazards, and focusing on making urban systems more adaptive to them rather than
resisting them with barriers. In the model, urban systems are conceptualised as complex sys-
tems, and long-term impacts and connections with the external environment are considered
to overcome the barriers of temporal, geographic, and/or dimensional perimeters.

In this study, water balance is identified as a key condition for city performance under
pressure from both climatic stresses such as flooding or water scarcity and/or human
stresses such as the COVID-19 pandemic. To achieve the study goal, the background
related to urban resilience and water management and the “Behind the Barriers” model
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(BB model) is presented in Section 2. The methods of this study are then described in
Section 3. Section 4 shows the application of the model to the case study of Lyon, Part-Dieu
neighbourhood and, specifically, to the new project of Garibaldi Street. In Section 5, the
results are discussed highlighting the importance of “going beyond barriers” (physical
and temporal) to design resilient systems. Finally, the conclusions outline future research
perspectives (Section 6).

2. Background
2.1. Urban Resilience and Water Management

Following the growing impacts of climate change, urban hazards concerning water
systems are various and complex. In urban areas, increased precipitation or malfunction
of drainage systems can cause flooding that leads to direct damages or potential indirect
impacts on different urban sectors, such as the economy, citizens’ security, critical infras-
tructures, etc. Conversely, a decrease in rainy precipitation may cause water shortages for
households, industries, and services; reduced availability of irrigation water; and even
reduced energy supply performance [35].

Studying urban resilience poses the question of the pertinent spatial as well as tem-
poral scales. Certainly, resilience is a concept that has advanced concerning the dynamic
development of complex adaptive systems with interactions across temporal and spatial
scales [36]. According to the perspective of complex adaptive systems, a first process
corresponds to urban system resilience following a disturbance that caused damages at a
local urban scale, and it seeks to improve the system’s capacity to respond to disturbances;
resilience is here considered as a property, an inherent quality of a system. On the other
hand, on a more global scale, considering the long-term impacts of disturbances, urban
resilience can be defined as a process that leads to a condition of resilience. Consequently,
the goal is to respond to short-term challenges through actions at the local scale, but also to
promote long-term mechanisms to respond positively to possible future stresses [37–39].

Going across national urban levels (territory/city) to local urban levels (neighbour-
hood/building) allows identifying methods and tools focusing on urban water systems
that assess the impacts of climate change, vulnerability, and adaptation options [40,41].
Some initiatives taking place at the territory and/or city level aim to operationalise urban
resilience in a holistic perspective, integrating different dimensions of urban systems which
involve technical and organisational aspects [42,43]. Other research suggests operationalis-
ing urban resilience in a more specific way, focusing on a specific urban dimension and/or
component such as urban planning and the design of water systems [44] or urban land-
scapes [45]. Considering the physical urban dimension and focusing on technical aspects,
some other studies have evolved to implement strategies based on mixed approaches to
improve protection and adaptation; these studies are mostly focused on urban networks
and infrastructures and consider structural, functional, and organisational aspects [46–48].
At a more local urban scale, in some instances, urban resilience analyses are based on
buildings [49,50].

To assess a resilient state of water balance, it is necessary to consider the neighbour-
hood spatial scale as these systems involve multiple scales including users, institutions,
technologies, and ecosystems [51,52]. A neighbourhood can be considered a social, eco-
nomic, and physical/technical system; the study of resilience, therefore, must involve, in
a holistic perspective, these different urban dimensions [37]. In this contribution, only
the built environment is considered and thus only the physical/technical aspects of the
neighbourhood. Focusing on the physical dimension and using a systemic approach, we
can then identify a system whose main urban components include buildings, transport
networks, and infrastructures, among others.

Looking at the state of the art in the reference literature, many studies address urban
water services in operational guidelines aimed at disaster risk reduction and resilience, but
fewer consider resilience as an operationalised concept [27,52–55]. Hence, in Section 3 the
“Behind the Barriers” conceptual model will be proposed and applied at the neighbourhood
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scale to provide a reference framework to study, analyse, and improve the resilience of
urban neighbourhoods, specifically focused on urban water management.

2.2. The “Behind the Barriers” Model

The comprehensive transverse approach, which is the distinctive feature of a project
rationale, is fundamental when we look at the question of risk management. In practice,
for “territory risks”, i.e., risks for which it is possible to set and circumscribe the area under
threat (which is not the case in certain diffuse hazards such as epidemics or certain types
of pollution), the innovation engine generally results from a political determination to
consider all the different elements, especially those concerning the definition of resilience
objectives. However, operational implementation, and even more the efficiency of the
systems installed, presuppose possessing precise knowledge and associating all the players
involved in planning and risk management.

The recent introduction of the resilience factor in the field of natural and technological
risks is considered to provide new perspectives in the prevention and management of
any associated events. Following the “Behind the Barriers” model (BB model), which was
developed in 2013 [34] and applied in several studies [56,57], four dimensions of resilience
have been identified [58,59] (see Figure 1):
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• A cognitive dimension refers to knowledge, awareness, and the identification of re-
silience by the persons concerned. This dimension incorporates the assessment of
resilience factors as well as the methods and tools that can be used for measuring
them. How can the resilience of a technical urban system, a territory, or a natural envi-
ronment be assessed? Does taking account of resilience change our way of observing,
measuring, analysing, or representing urban systems?

• A functional dimension specific to material objects and technical urban systems form-
ing the territory. Guaranteeing maintenance of service by the most important infras-
tructures corresponds to a type of resilience called “functional resilience”. Functional
resilience is applied by carrying out reliability and operational dependability actions.
To what extent do present approaches to risk management applied in urban environ-
ments need to be rethought and modified for taking into account resilience?
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• A correlative dimension that recognises that service and utilisation form a whole
whose different sections are interconnected together. None of these parts can vary
without the others varying as well, and a system’s resilience can only exist when the
way it operates in a degraded mode is acceptable in all risk periods. What can the
effects of this dimension be on design, ways of development, operating conditions,
and management of technical networks?

• A territorial/organisational dimension that raises the question of the persons involved
(public and private players, populations, etc.) and the strategies that contribute to
improving resilience.

A resilient system should have capabilities in these four dimensions.
The applications of the BB model to resilience analysis are wide and various, as it is a

multidisciplinary, transversal resilience theory aiming at adaptation capacity. Gonzva [56]
considers the BB model corresponding to a synthetic structuring of resilience in urban
engineering. Gonzva and Barroca [57] assess the four capabilities of the BB model for a rail
transport system, which has multiple possible implementing actions to improve resilience.

In this study, since resilience is considered operational, the BB model could be a basis
for planning implementing actions that improve the resilience of water balance. This idea
requires that the implementing actions should be designed to target the competencies of the
four dimensions (cognitive, functional, correlative, and organisational). The performance or
benefit of implemented actions could be assessed through indicators. The above acceptance
is advanced as a hypothesis of this study.

3. Methods
3.1. The Water Balance

In water management, the concept of water resilience is related to the condition of
“Water balance”, which involves the hydrologic system as well as the natural water and the
socio-economic water systems [33,60].

The first step of water balance requires the assessment of the freshwater resource: the
natural water balance. According to the European Commission [33], in the case of water
balance the inflow has to be equal to the water outflow plus the changes in water storage
(Equation (1)):

Inflow = Outflow ± Changes in Storage (1)

This condition means that the natural water inflow (ni) needs to be equal to natural
water outflow (no) ± natural water storage (ns) (Equation (2)):

ni = no ± ns (2)

Considering the sub-indicators, natural water inflow is related to the precipitation
water (ni), converted in natural water outflow associated with water evaporation (sur-
face, interception, and transpiration) (no1) and/or water runoff (surface, subsurface, or
groundwater) (no2) ± associated storage or changes in storage (ns) (Equation (3)):

ni = no1 + no2 ± ns (3)

Human activities influence the hydrological balance by using or discarding a certain
volume of water or modifying the storage capacity. In this sense, water balance can be
defined as the equilibrium state in the physical system between inputs and the output
modified by human interventions. Considering the socio-economic water inflow (si), the
socio-economic water outflow (so), and the socio-economic water storage (ss), and so both
human and natural systems, Equation (1) becomes [33]:

(ni + si) = (no + so) ± (ns + ss) (4)
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The socio-economic service water inflow (si) depends on two main components: the
external inflow of rivers and groundwater that enters at the neighbourhood scale and the
water returned by socio-economic systems (as wastewater). The external natural water
inflows consist of river water (ns1) and groundwater (ns2). Furthermore, socio-economic
water inflows consist of the volume of water directly discharged from residential buildings
(si3), and other types of buildings such as offices and/or schools (si4), and lost from the
wastewater collection as an overflow, so by the polluted surface rainwater (si5) and by the
infiltrated rainwater (si6).

The socio-economic water outflow (so) depends directly on the water needed by the
different socio-economic activities. According to the simplified approach of this research,
we identified only the following sub-indicators of socio-economic water outflow: green
space irrigation (so1), human activities such as street cleaning (so2), residential buildings
(so3), and other buildings (office, school, etc.) (so4).

Finally, the water storage depends on groundwater storage (ns1) and on external
neighbourhood water support (ns2); furthermore, socio-economic water storage relates to
the water supply plant (ss1) and underground water storage (ss2).

It should be noted that in practice there are many sub-indicators, but in our simplified
approach proposing a schematic overview of the urban systems, only those listed are
considered. Considering all the sub-indicators, Equation (4) becomes:

[ni + (si1 + si2 + si3 + si4 + si5 + si6)] = [(no1 + no2) + (so1 + so2 + so3 + so4)] ± [(ns1 + ns2 + ss1 + ss2) (5)

The indicators and sub-indicators mentioned before are identified in the table below
(Table 1):

Table 1. Indicators and sub-indicators involved in water balance.

Indicators Sub-Indicators

Water inflow

Natural water inflow (ni) Precipitation water (ni)

Socio-economic water inflow resource (si)

River water (si1)

Groundwater (si2)

Residential building (si3)

Other buildings (office, school, etc.) (si4)

Polluted surface rainwater (si5)

Infiltrated rainwater (si6)

Water outflow

Natural water outflow (no)
Water evaporation (no1)

Water runoff (no2)

Socio-economic water outflow (so)

Green space irrigation (so1)

Street cleaning water (so2)

Residential building (so3)

Other buildings (office, school, etc.) (so4)

Water storage

Natural water storage (ns) Groundwater storage (ns1)

External neighbourhood water support (ns2)

Socio-economic water storage (ss) Water supply plant (ss1)

Underground water storage (ss2)



Int. J. Environ. Res. Public Health 2023, 20, 2587 7 of 21

Regarding the essential services for citizens, indicators for measuring water supply
resilience can be divided into four dimensions: technic, organisational, social, and eco-
nomic [61]. Several studies [60–64] present a large number of indicators for the resilience
or vulnerability of water supply systems. Among these indicators, urban water demand
or supply is frequently used as an indicator for the resilience assessment of water supply
systems with regards to water balance [65–67].

3.2. Applying the “Behind the Barriers” Model to Water Management

According to the BB model [34], the water resilience assessment of a neighbourhood
starts with the study of cognitive resilience which consists in making a diagnosis of the
urban area based on a holistic approach. The analysis of cognitive aspects is frequently
based on local quantitative or qualitative resources, such as government documents, graphs,
digital data, etc.

A neighbourhood is “a part of a city with its own appearance and characterised
by distinctive features which give it a degree of unity and individuality” [68]. A neigh-
bourhood can be represented as an open and complex system characterised by exchange
processes within its environment and with the external environment in continuous change
and development [37].

Concerning urban issues, firstly it is necessary to identify the specificities and identity
of the neighbourhood in terms of, among other characteristics, the morphological features,
the urban limits, and the urban structure. Then, the neighbourhood should be located
in the urban area and its environment should be characterised. For example, concerning
water-related issues, it is necessary to identify the hydrogeological basin; in fact, under
particular climatic scenarios the hydrogeomorphological characteristics may lead to water
scarcity conditions. In parallel, it is necessary to identify potential hazards in order to
then identify the vulnerability of different exposed assets (such as population, economic
activities, critical infrastructures, etc.), which must be determined to understand the water-
related issues and their potential consequences. Finally, cognitive resilience should also
be integrated into the cognitive resilience aspects related to the management policy. Some
specific regulatory tools, such as different measures and strategies, provide policies and
approaches on how the crisis can be anticipated or how the neighbourhood inhabitants
can participate in risk management. The goal is to know the neighbourhood needs and
capacity to respond to water-related crises.

A further step towards cognitive resilience, which is a prerequisite for the application
of functional resilience, is understanding how the neighbourhood system works through
functional analysis (FA). The FA highlights the functional relationships between the neigh-
bourhood components and shows both high dependencies and interdependencies between
components within or outside the neighbourhood [69]. It defines the boundaries of the
system, its environment, and the functions it provides [70].

Through the definition of cognitive resilience, it is then possible to assess the crisis
and no-crisis scenarios. The design of specific indicators for each case study, generally
accompanied by a defined criterion [71,72], is based on the implementing actions and the
objectives to be achieved. In this study, in the framework of urban water management at the
neighbourhood scale, “Water balance” is considered as a performance criterion, and its as-
sessment involves three indicators: water storage, water inflow, and water outflow [31–33].
This performance criterion has only two levels: when water inflow is equal to the sum
of water outflow and the change in water storage, i.e., Inflow = Outflow ± Changes in
Storage (1), the water management in the studied neighbourhood achieves water balance,
otherwise not.

Following the BB model, the second step is the assessment of the functional resilience of
the neighbourhood based on the damage to its urban functions. Indeed, under water-related
crises, high dependencies and interdependencies between neighbourhood components can
become real issues compromising the operation of the entire city [37,69,73,74].
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At the urban scale, among urban components critical infrastructure (CI) stands as
an infrastructure essential for the functioning of society [75,76]; at the neighbourhood
scale, the concept of major infrastructure (MI) has been developed to define those urban
components which are essential for the proper operation of a neighbourhood, whose failure
would have a serious impact on its inhabitants [37].

In this scenario, improving the functional resilience of a neighbourhood means in-
creasing the neighbourhood’s ability to protect itself from its MI damage, thereby reducing
its possible functional failure. The implementation of functional resilience to water-related
crises can be achieved through actions and strategies that improve the security, redundancy,
and stock management related to the MIs of a neighbourhood. Since MIs are essential
for the proper operation of a neighbourhood, there is an important demand for services
provided by them. Moreover, during a crisis, these infrastructures are usually the most
vulnerable as a consequence of their complexity and dependency on each other.

Once functional resilience has been addressed, the third step is to assess correlative
resilience. Studying the correlative resilience of a neighbourhood consists of analysing the
link between the failure or degradation of a service provided by an MI and the acceptability
of this failure or degradation. The goal is to reduce the need for such services to offer a
degraded operation mode of a neighbourhood. Indeed, reducing the demand made for
an MI may enable it to be kept in operation, being protected so that it can be recovered
more rapidly. Thus, the correlative resilience of a neighbourhood will be possible when
the correlation between MI services and the use of these services remains acceptable under
crisis scenarios, yet it is necessary to analyse the measures and/or actions that allow the
achievement of this goal. For example, during the lockdown forced by the COVID-19
pandemic, several buildings (such as offices or schools) were closed, modifying the needs
of the neighbourhoods [77–81] and consequently the MI services that could operate under
critical conditions [82,83].

Finally, organisational or territorial resilience expresses the capacity to mobilise the
urban area outside the area directly impacted. Dependencies and interdependencies be-
tween the neighbourhood components and larger urban areas may also form an important
resilience factor concerning the technical and physical dimensions of neighbourhoods. If
an MI ceases to work (if it does not achieve its function), it is necessary to analyse the
organisation of and the type of connections and/or relationships between the neighbour-
hood and its external environmental factors that can contribute to mitigating this failure
as well as to recover an acceptable level of performance as soon as possible. Indeed, the
territorial resilience of a neighbourhood can be defined as the capacity of a neighbourhood
to mobilise larger urban scales to improve its own resilience.

To further explain the approach, the next section introduces as a case study the Part-
Dieu neighbourhood in Lyon (France), which may potentially be subject to several water-
related crises due to natural and/or human-made risks. Part-Dieu was also chosen because
it is trying to become a more resilient neighbourhood through urban retrofit processes.

4. Case Study: The Water Management in the Part-Dieu Neighbourhood in Lyon

Lyon is situated at the confluence of the Rhône and Saône rivers and is the third-largest
city in France. On the left bank of the Rhône, the Lyon Part-Dieu business district was
designed in the 1960s and 1970s as the economic and transport centre of Europe, and today
this area is trying to develop its commercial character and to improve its ecological capacity
to become a more sustainable urban space [84] (see Figure 2).

In the following paragraphs, Section 4.1 shows the first (knowledge of the area, includ-
ing hazard scenarios identification) and second steps (action definition) of the BB model
application in terms of action performance to understand and improve the water balance
state in the Part-Dieu neighbourhood. Following these results, Section 4.2 establishes the
indicators and sub-indicators of action performance. After that, the discussion section
presents the results of the action performance assessment through cognitive, functional,
correlative, and territorial analysis.
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4.1. Understanding Hazard Scenario and Cognitive Resilience: The State of the Art

Simplifying a complex process, water management in Lyon, as in most cities, is
characterised by the presence of a water supply system that treats water from the river and
then supplies it to all infrastructures, urban services, and buildings. Urban wastewater
is then treated through wastewater treatment plants and then discharged into the river,
while polluted rainwater is discharged directly into the river through storm sewers. The
water management cycle is therefore based on a series of interdependent systems called the
urban infrastructure.

This complex system in the next few years in Lyon and Part-Dieu, as in many Euro-
pean and other cities, could be subject to increasingly intense and frequent crises due to
changes in the demand, supply, and availability of water resources. These crises could
be caused by an increase in drought events due to global warming and, therefore, by
a scarcity of water [85], or by the water resource quality threatened by climate change
and pollution [86], or by the change in residential water demand due to the COVID-19
pandemic [15]. Furthermore, Lyon Metropole has been classified as a High Flood Risk Area
(TRI) by the prefectural decree of 27 April 2012, due to the potential impacts on human
health and economic activities [87]. In this context, it is evident that the water balance
condition will be subject to multiple stresses in the coming years.

The traditional water infrastructures may no longer be able to respond to the increasing
severity and frequency of hazards, making innovative and sustainable solutions urgently
necessary for resilient water management in Lyon and the Part-Dieu district. To identify
where and why possible failures might occur, following the BB model, it is necessary to
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study cognitive resilience aimed at identifying potential crises through a multi-risk and
multi-scale approach.

The first step is to analyse the case study area under “no crisis “ conditions, i.e., under
conditions where there is a state of water balance (Equation (5), Figure 3).
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Once the no-crisis situation has been investigated, potential crisis scenarios are studied,
considering the case of a no-water-balance condition (Equation (6)):

[ni + (si1 + si2 + si3 + si4 + si5 + si6)] 6= [(no1 + no2) + (so1 + so2 + so3 + so4)] ± [(ns1 + ns2 + ss1 + ss2)] (6)

This condition of a water-related crisis scenario in the case of Part-Dieu neighbourhood,
Lyon could be related to a condition of water scarcity (drought scenario: DS), excess water
(rainy scenario: RS), and finally a water scarcity due to changes in water demand caused
by the COVID-19 pandemic (COVID-19 scenario: CS).

The first crisis scenario analysed is the drought scenario, which leads to a lack/shortage
of water resources. According to several studies focusing on the Lyon environment [88–90],
the phenomenon of urban heat islands amplifies the impacts on public health and energy
consumption. As explained by the vice-president of the community in charge of urban
planning and the living environment [91], the heat rises are very impactful in terms of
water resources, and the risks are the subsidence of the water level as well as the levels of
the rivers that run through this city. For example, on 10 august 2022, Part-Dieu district was
placed in a “crisis” situation at the level of drought. Due to this crisis, the amount of water
resources was not enough to supply all the citizens’ needs. As a result, it was forbidden to
collect water from rivers or underground water sources; to water vegetable gardens during
the day; to fill or top up swimming pools; to water lawns, green spaces, and sports fields;
and to wash cars, facades, or roofs [92].

During the DS, decreased rainwater (ni) and increased evaporation (no1) reduce total
natural water storage (ns) and thus total water service inflow (si). Meanwhile, water service
outflow demand (so) for most of the equipment increases. As temperatures rise and water
shortages become more acute, demand will change [93–97], more water will be needed for
irrigating green spaces (Figure 4, purple lines (1). These changes, in Part-Dieu district, can
create a crisis related to a condition of water scarcity in which the water inflow is less than
water outflow plus water storage (Equation (7)).

(ni + si) < (no + so) + (ns + ss) (7)
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The water supply may thus be inadequate for critical urban infrastructures, referring
specifically to residential buildings in this study, but also for non-vital but important
city services, such as green space irrigation or street cleaning. Furthermore, the rise in
temperature can create a condition of land drought due to the grave reduction in natural
water storage (ns) exacerbating the crisis scenario.

In summary, the drought-season crises can be related to:

• A decrease in water inflow caused by a decrease in water resources.
• An increase in water outflow caused by an increase in water demand.
• A decrease in water storage caused by a decrease in water resources.

At the same time, in the Lyon Metropolis, flood risks are increasingly alarming man-
agers and citizens and becoming a danger that could spread. The floods in Lyon can be
generated by heavy oceanic precipitation, Mediterranean rainfall episodes of high intensity,
or stormy episodes with high intensity [98]. A recent flooding event occurred on 17 August
2022, after long weeks of high temperatures, even heat waves and drought periods. In
many urban areas, including Part-Dieu, huge puddles of water formed, and some streets
were even completely flooded [99].

This type of event can be simplified and is shown in Figure 5. During the rainy
scenario (RS), the precipitation rainwater (ni) increases, together with an increase in river
water (si1), groundwater (si2), polluted surface rainwater (si5), and infiltrated rainwater
(si6). These conditions create an increase in water inflow both natural and socio-economic
(ni + si). Meanwhile, the water outflow decreases, and the water evaporation (no1) together
with the water demand for green spaces (so1) and for street cleaning (so2) are lower.
These conditions could decrease the capacity of natural water storage (ns) and cause
urban flooding, exacerbating the water runoff (no2), affecting, directly or indirectly, the
performance of urban infrastructures, such as roads and green spaces.

These changes in sub-indicators, in Part-Dieu district, can create a crisis in which the
water inflow is less than water outflow less the water storage (Equation (8)):

(ni + si) > (no + so) − (ns + ss) (8)

In summary, the rainy-season crisis is related to:

• An increase in water inflow both natural and socio-economic.
• A decrease in water outflow.
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• An increase in water storage, and thus a decrease in water storage capacity.
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Finally, the last crisis scenario can be identified as the water scarcity caused by a
change in water demand due to the COVID-19 pandemic (Figure 6). During these periods,
an increase in daily household water demand was identified [77–81]. According to the data
by Insee [100], in France, one-third of companies closed during the first containment for
57 days, people remained at home, and the demand for water resources for non-residential
buildings was reduced.
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The COVID-19 scenario in the Part-Dieu neighbourhood could create a crisis related to
an increase in the water demand for residential buildings (ss3) that could not be covered by
the water inflow, also considering the water storage, resulting in a shortage of residential
water use (Equation (9)):

(ni + si) < (no + so) + (ns + ss) (9)
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Considering these crisis scenarios, as mentioned in Section 3.2, to assess resilience it is
necessary to use specific indicators for each case study based on the implementing actions
and the objectives to be achieved; in this case study, the action objective is the water balance
of Part-Dieu district.

4.2. Identification of Resilience Actions

To apply the BB method to a real case study and to deepen its contribution, the urban
retrofitting project of Garibaldi Street is considered an action for improving functional
resilience. Garibaldi Street is one of the major strategic arterial roads of Lyon; it was
designed in the 1960s as an “urban motorway”, as a result of the changing exigencies of
contemporary life, and has been subject to continuous renovation since the 1990s [84].

The analysed project area consists of 2.6 km which, through the reorganisation of
road, cycle, and pedestrian traffic, creates a large, vegetated area to improve the hydraulic
management of rainwater, treat rainwater, prevent urban heat islands, and, finally, create
new public spaces. The first road section, between Vauban and Bouchut, was already
completed in 2016 (see Figure 2). The project consists of tree-based rainwater recycling
and can be considered a functional action, aimed at reducing the impacts of extreme
weather [101]. To maximise risk management combined with ecological benefits, the project
integrates multiple design solutions, including different levels of service, through measures
of hard engineering and soft engineering.

The identified actions linked to correlative and territorial resilience are, respectively, re-
ducing water supply to some buildings and using it for others and increasing water resource
inflow using external neighbourhood (or city) water resources. As these two measures
are based on assumptions about potential future disasters, they have been implemented
considering long-term scenarios.

However, as explained above, this study also focuses on the increase in potential
hazards, considering different spatial and temporal scales. The design measures, following
the BB method, will first be evaluated within the “barrier” framework to analyse functional
resilience and then “Behind the Barriers” integrating correlative and territorial resilience.

4.2.1. Barriers Approach—Functional Resilience

Functional resilience aims at improving management through changes in internal
material objects and technical urban systems. The retrofitting project on Garibaldi Street
focuses on both the problem of flooding (corresponding to the rainy scenario) and water
scarcity (drought scenario), by using innovative systems for water storage and reuse. As
shown in Figure 7, the water is managed through multiple measures [102]:

• The runoff (from the roads, pedestrians, bicycles, and public transport) is reduced, the
water becomes clean after being infiltrated using sustainable materials, and then it
can be collected in an old underpass that has been retrofitted as underground water
storage. The sustainable materials, planting soil, and structural growing medium are
used for green space and permeable pavement, allowing an increase in groundwater
storage (sub-indicators involved: si2, si5, si6, no1, no2, ns1, ss2) and reducing the
outdoor temperature [103];

• The collected clean water can be reused for green space irrigation and/or street
cleaning, especially during the drought season when the water demand increases;

• In the case of heavy storms, the water can also be controlled and conveyed to the
existing combined sewer by using the pump in the storage.

These functional actions, in the condition of the no-crisis scenario (NCS), reduce
the total water service outflow (so), and thus the water saved can be stored in the new
underground storage basin (ss2).
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Figure 7. Inside the “barrier”, functional resilience Garibaldi project, no-crisis scenario (NCS), realised
by authors, adapted from TDAG [101].

Moreover, under crisis conditions these solutions could solve the problems related to
the drought and rainy scenarios. In the case of a drought (DS), even though water inflow
heavily decreases due to reduced precipitation water (ni) and river water (si2), the water
storage (ns1, ss2), which increased during the normal situation thanks to the permeability of
the new soil surfaces, could be used for socio-economic water outflow as shown in Figure 8.
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from TDAG [101].

As shown in Figure 9, in the case of rainy scenarios (RS), the excess precipitation water
(ni) can be collected in the new underground water storage basin (ss2), preventing urban
floods. Thus, also in this crisis scenario the socio-economic water inflow increases thanks
to the new design solutions (sub-indicators involved: si2, si5, si6, no1, no2, so1, so2, ns1,
ss2, ns1).



Int. J. Environ. Res. Public Health 2023, 20, 2587 15 of 21

Int. J. Environ. Res. Public Health 2023, 20, x FOR PEER REVIEW 15 of 22 
 

 

 

Figure 8. Inside the “barrier”, functional resilience drought scenario, realised by authors, adapted 

from TDAG [101]. 

As shown in Figure 9, in the case of rainy scenarios (RS), the excess precipitation 

water (ni) can be collected in the new underground water storage basin (ss2), preventing 

urban floods. Thus, also in this crisis scenario the socio-economic water inflow increases 

thanks to the new design solutions (sub-indicators involved: si2, si5, si6, no1, no2, so1, 

so2, ns1, ss2, ns1). 

 

Figure 9. Inside the “barrier”, functional resilience rainy scenario, realised by authors, adapted from 

TDAG [101]. 

4.2.2. Behind the Barriers Approach—Correlative and Territorial Resilience 

Following the BB theory, going “Behind the Barriers” means going behind the spa-

tial–temporal barriers of the study system to achieve the water balance in the Part-Dieu 

neighbourhood and without considering the retrofit project of Rue Garibaldi. 

Figure 9. Inside the “barrier”, functional resilience rainy scenario, realised by authors, adapted from
TDAG [101].

4.2.2. Behind the Barriers Approach—Correlative and Territorial Resilience

Following the BB theory, going “Behind the Barriers” means going behind the spatial–
temporal barriers of the study system to achieve the water balance in the Part-Dieu neigh-
bourhood and without considering the retrofit project of Rue Garibaldi.

Considering the neighbourhood scale and the COVID-19 scenario, the water balance
can be achieved through correlative actions. During the pandemic period, to prevent the
spread of the virus, the French government imposed a lockdown and permitted smart
working; these measures allowed a significant reduction in water outflow demand by
offices and schools (si4), and consequently in the associated water outflow (so4).

To achieve water balance, the higher water demand by residential buildings could be
solved using the saved water from the other types of buildings (si3), as shown in Figure 10.
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At the same time, considering the city scale and the drought scenario (DS), the water
balance can be achieved through territorial actions, as shown in Figure 11. To avoid the
pressure on the Part-Dieu neighbourhood, considering larger spatial scales, the required
water can be taken from other neighbourhoods by increasing the natural water inflow,
considering the sub-indicator of the external neighbourhood water support (ns2) in terms of
the new availability of natural water storage. Certainly, in the case of the drought scenario
many areas will have a low water inflow, but a city-scale crisis is certainly more complex
to control.
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5. Discussion

This study focused on the application of the “Behind the Barriers” model to understand
how applying resilience actions can improve the capacity of urban systems in the case of
crisis scenarios. In particular, the case study addressed the problem of water balance failure,
a condition that can lead to several problems by impacting the performance of cities.

As detailed in Section 4, the object of the case study was to assess the performance of
designed measures for achieving water balance at the neighbourhood scale. The contribu-
tion, following the BB model, was structured in four methodological steps:

1. Analyse cognitive resilience to understand the current state scenario and potential
crisis scenarios;

2. Analyse functional resilience to understand how the retrofitting project of Rue Garibaldi
and its functional actions could improve the performance of the water system in case
of drought and flood scenarios;

3. Analyse correlative resilience to understand how correlative actions could improve
the performance of the water system in case of a drought scenario;

4. Analyse territorial resilience to understand how territorial actions could improve the
performance of the water system in case of a COVID-19 scenario.

All indicators and sub-indicators involved to achieve the condition of water balance
at the neighbourhood scale are indicated in Figure 12. This figure compares the changes
in each sub-indicator after resilience actions and shows how performing these actions
(functional, correlative, and territorial) can also achieve the water balance condition during
crisis scenarios (Figure 12). When water inflow is equal to the sum of water outflow and the
change in water storage, i.e., Inflow = Outflow ± Changes in Storage (1), the performance
level of water management is achieving water balance (green in Figure 12), otherwise not
(red in Figure 12). As shown in the figure, the resilience actions can achieve the condition
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of water balance in the Part-Dieu neighbourhood in Lyon in the case of a crisis (drought,
flood, and COVID-19 scenarios).
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The application of the case study thus highlighted the need to develop indicators
to assess the performance of implemented actions within a framework of structural and
global resilience to support decision makers. Furthermore, it was highlighted that the
implementation of resilience requires an understanding of urban systems as complex
and dynamic systems, as well as the enhancement of crisis prevention and management
perspectives with a dynamic and multi-risk approach.

Since resilience has been studied for urban disasters, many theories have emerged
on the research approach. Although this paper focuses on water balance in the Part-Dieu
neighbourhood, as the “Behind the Barriers” theory is a multidisciplinary, transversal
resilience theory aiming at adaptation capacity, the approach can be considered suitable
also in other types of urban disaster research and for the management of other types of
urban systems.

6. Conclusions

Choosing the correct approach to studying resilience is difficult because of its com-
plexity and the fact that its evaluation is highly sensitive to contextual factors. These
contextual factors, irrespective of whether they are urban, social, or environmental, are
often responsible for the failure to develop generic methods. Whenever studying local
resilience systems is concerned, the initial difficulty resides in defining the system’s limits
and the elements it contains, objectives, and resources available.

For these reasons, the neighbourhood scale is an important scale when designing
resilient urban planning. The “Behind the Barriers” conceptual model is developed for
understanding and improving urban resilience thanks to four types of resilience actions:
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cognitive, functional, correlative, and territorial. The evaluation of the performance of
actions to achieve the resilient state is assessed based on indicators and sub-indicators.
As such, the global approach to resilience based on the “Behind the Barriers” conceptual
model is materialised on the local neighbourhood scale by flow studies.

This study applies the BB model to the Part-Dieu neighbourhood in Lyon to study the
water balance condition. Through experimentation on a real case study, the model high-
lights its potential as a strategic tool to support decision-making processes in implementing
urban resilience. Indeed, the nature of urban systems is highly complex, and to orient
design projects, make urban infrastructures resilient, and ensure the city’s performance, it
is necessary to integrate multiple aspects.
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