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Abstract: Conventional design standards for urban drainage systems are not set to deal with extreme
rainfall events. As these events are becoming more frequent, there is room for proposing new
planning approaches and standards that are flexible enough to cope with a wide range of rainfall
events. In this paper, a semi risk-based approach is presented as a simple and practical way for
the analysis and management of rainfall flooding at the precinct scale. This approach uses various
rainfall events as input parameters for the analysis of the flood hazard and impacts, and categorises
the flood risk in different levels, ranging from very low to very high risk. When visualised on a map,
the insight into the risk levels across the precinct will enable engineers and spatial planners to identify
and prioritise interventions to manage the flood risk. The approach is demonstrated for a sewer
district in the city of Rotterdam, the Netherlands, using a one-dimensional (1D)/two-dimensional
(2D) flood model. The risk level of this area is classified as being predominantly very low or low,
with a couple of locations with high and very high risk. For these locations interventions, such as
disconnection and lowering street profiles, have been proposed and analysed with the 1D/2D flood
model. The interventions were shown to be effective in reducing the risk levels from very high/high
risk to medium/low risk.

Keywords: extreme rainfall; risk; quick scan; urban drainage management

1. Introduction

Over the last decades, changes in frequency and intensity of severe rainfall events have been
consistently associated with changes in weather and climate [1–3]. Urbanisation will amplify the
projected changes in heavy rainfall due to the urban heat island effect [4–6]. Understanding the
changes in severe rainfall events is of importance, particularly for the estimation of impacts on society,
economics, and the environment [7]. Among other sectors, this poses a challenge to urban drainage
management, when considering that drainage systems will have to deal with increased frequency and
volume of stormwater flows [8–12]. Traditionally, drainage systems have been designed as a collection
of grey infrastructure that, in most cases, will not be able to cope with such changes in stormwater
flows. The main purpose of these collector networks may not be flood protection; it is to capture
the runoff from the early part of rainfall events with highest pollutant loads, and conveying this to
wastewater treatment plants. It is common for collector networks to overflow during episodes of heavy
rainfall and for shallow water to flow along the street for a short duration (few minutes to hours).
One of the main causes for the occurrence of urban flooding is the limited capacity of the drainage
system, which, under extreme rainfall conditions, may result in flow being discharged to the catchment
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surface where it interacts with the incoming overland flow. In such cases, water runs to natural or
constructed storage or runs along the surface using the major system components (i.e., above ground
drainage components) [13].

Design standards for drainage systems specify the performance that is expected in terms of
capturing and conveying runoff water. Although the performance of drainage systems varies between
countries, there is a common agreement as to how the required performance should be defined,
and some actions have been taken to formulate general design guidelines to serve to the international
community (e.g., ISO/CD 20325 [14]). The conventional design of urban drainage systems is often
based on the definition of a return period, T, which corresponds to the frequency with which an event
occurs [15], and assuming a certain probability of occurrence of the event of 1/T per year [16]. Design
standards for drainage systems rarely include severe rainfall events, other than considering what
happens when the drainage system is exceeded (e.g., BS EN752 [16]).

Planning collector networks (i.e., the minor drainage system) in order to manage severe rainfall
events may result in having uneconomical infrastructure, and most of the times water will flow above
ground as a result of the limited storage/conveyance capacity of the system when compared with the
flows during severe rainfall events. The major drainage system typically comprises roads, footpaths,
and natural ground depressions, as well as smaller water courses. This system can convey flood water
over significant distances causing flooding at locations away from the point where the network capacity
is exceeded [15]. This means that intra-urban flooding is a complex aggregate of different components,
like the physical process of flooding, the use of floodplains, and the people and infrastructures that
influence or are subject to flooding and its impacts [17]. This, in turn, adds considerable complexity to
the analysis and management of flood risk in urban areas [18].

The need for managing the drainage system (as a whole) by taking into consideration a broader
range of rainfall events has become more evident. While design events for collector networks are
typically in the range of 1 to 10 years return period, exceedance events may be in the range of 50 to
100 years return period, with extreme events being even higher, in the range of 100 to 1000 years
return period. Contrary to the design events, managing exceedance flows and flood waters for a
certain frequency of occurrence (or magnitude of rainfall) is not straightforward, and setting an
acceptable threshold value has proven to be difficult [19,20]. This is because the adoption of a rigid
threshold/criterion might not be feasible in practice, especially when it has to be implemented for
the city or drainage area/catchment as a whole. This particularly applies to existing urban areas,
where exceedance flows have not yet been managed proactively. In these areas, the management of
exceedance using a rigid threshold/criterion could lead to excessive adaptation cost, for example,
when streets or building blocks have to be adapted in order to meet the proposed threshold/criterion.
For new developments it is common practice to establish management criteria for building in
low-risk/safe areas. However, when there are large catchments, these can generate hazardous flooding,
for which structural works, such as protection channels or embankments are being built, associated
with higher design standards (e.g., 100 years return period).

In spite of the practical difficulties in managing exceedance flows and flood waters, there is
a call for adaptation of infrastructure and the spatial layout of built up areas to reduce economic
losses, particularly in relation to extreme events [10,21–25]. Various approaches are available for
understanding (the need for) and assessing adaptation actions, with many of these requiring an analysis
of the impacts of rainfall (or other climate-related) events. Risk assessment is a standard approach that
can be defined as the process of identifying, evaluating, selecting, and implementing adaptation actions
to reduce risk to human health and ecosystems [12,26,27]. As explained in Zhou et al. [27], performing
a risk assessment relies on the identification of the hazards, exposure, and vulnerabilities. Generally,
hazards describe the external loadings in terms of return period, and exposure and vulnerabilities
describe the spatial distribution of social groups and properties that are susceptible to impacts [28,29].
Difficulties in performing a risk assessment relate to the high level of uncertainties associated with
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its constituent components, assigning probabilities to different climate change and socio-economic
scenarios, and valuing the impacts and costing the various adaptation actions [30,31].

As the standards-based approach (i.e., set return periods) has limitations in dealing with severe
rainfall events and the risk-based approach is mainly applied for large scale adaptation projects
(e.g., to manage coastal or river flooding), there is an opportunity to suggest a complementary approach.
The objective of this paper is to demonstrate an approach that uses a risk matrix, and thereby takes
advantage of some of the strengths of both the standards-based and risk-based approaches. From this,
it is possible to introduce a guidance tool for defining the priority in taking adaptation actions in
order to reduce the risk of intra-urban flooding. In the following sections, first the rationale behind
the approach is described through a comparison of the standards-based and risk-based approach
(Section 2). Then, the semi risk-based approach, including the concept of a risk matrix, is explained in a
step-by-step manner (Section 3). The characteristics of the case study and model set up (Spaanse Polder
in Rotterdam, The Netherlands) are presented in Section 4, followed by the application of the approach
to this case study in Section 5. The paper ends with a reflection on both the approach and the case
study, and conclusions.

2. Rationale

This section provides an overview of two well-established approaches for the design and analysis
of drainage systems: the standards-based and the risk-based approach.

The standards-based approach is focused on keeping the system functioning for a certain design
value, as the magnitude of the load, usually with small return periods. The design value (e.g., for rainfall
intensity) is, in many cases, prescribed in regulations or design guidelines, which means that the need
for stakeholder involvement (e.g., in setting acceptable threshold values) is limited. The analysis of the
system functioning is done in a deterministic way, and for this analysis, the single design value is used.
The approach aims to optimise the performance of the (minor) drainage system for a single objective
(e.g., no water on streets), without considering the efficiency of investments to manage the potential
impacts; as it does not weigh the benefits of interventions, in terms of reduced impacts, against the
investment costs [32].

The risk-based approach incorporates the outcomes of both flood hazard and impact assessments,
which allows for the comparison of different interventions based on their expected impacts [16].
Therefore, a risk-based approach helps to make informed choices after the analysis of benefit and
costs of several alternative interventions. Usually, the benefit is the reduction of the expected annual
damage (EAD). This corresponds to the average annual consequences that can be expressed in monetary
terms representing the expected persons or properties affected by flooding. In practice, flood risk
reduction is also used to refer to a reduction in water level, to a decrease in flood probability, to a reduced
area at risk, or to fewer potential flood losses [33]. Contrary to standard-based approaches, the risk-based
approach requires the participation of experienced stakeholders for configuring the probabilities and
impacts to be included in the analysis. This approach is analytically costly and therefore not standard
practice in analysis of the performance of drainage systems. There may also be a lack of information
regarding the impact data and its relationship to various geographical scales (from catchment to precinct).
Although some countries like The Netherlands, are developing standardized information for this.

Both of the approaches, based on standards and the analysis of risk, provide some advantages
and disadvantages when undertaking an analysis of system performance. The aforementioned
characteristics are considered for comparison in Table 1: type of analysis; the objective; the requirement
of investment; the economic guidance; the involvement of stakeholders; and, the extent of practice.
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Table 1. Comparison between standard and risk-based approaches.

Characteristic Standard-Based Approach Risk-Based Approach

Type of analysis Deterministic: single design value Probabilistic: values with different
probability

Objective Functioning/performance of (minor)
drainage system Optimization of benefits/costs

Economic guidance No insight into efficiency (i.e., into
benefits/costs)

Looks for the economic optimum
(i.e., optimum of benefits/costs)

Stakeholder involvement Limited need for stakeholder
involvement Needs experienced stakeholders

Use in practice for urban drainage Standard practice for small scale
(precinct) drainage systems

Not common for small scale (precinct)
drainage systems

This paper introduces a complementary approach to those above for working with a range of
rainfall events, including extreme events. As the proposed approach builds upon the characteristics of
both the standards-based and the risk-based approaches, it is termed the semi risk-based approach.
This approach is intended to facilitate good housekeeping practices, which is aimed at tackling higher
risk areas in the short term, while postponing the consideration of adaptation of medium risk areas
to a later stage. This should be informed by the process of taking advantage of opportunities for
mainstreaming adaptation, which will emerge from the interaction of investment cycles for different
urban systems (roads, green spaces, social systems) [34,35]. The semi risk-based approach aims to
provide decision support to the planning and urban design process and guidance for identifying
adaptation actions, in terms of (interventions for) critical locations (i.e., hotspots).

The rationale for the semi risk-based approach can be derived from the mathematical relationship
between risk, probability and consequences. This relationship has been explained from three
perspectives by Klijn et al. [36], as shown in Figure 1. These authors represent risk as a function
of the probability of flooding and the consequences, which are (in turn) determined by the exposure
and vulnerability of the receptors (e.g., buildings and roads). A matrix representation, as proposed by
the semi risk-based approach, is a straightforward way to describe this [37]. In the so-called risk matrix,
the rows represent the probability (i.e., the frequency of occurrence) of flooding and the columns
represent the severity of the consequences. The approach is coined semi-quantitative when one axis
(usually probability) is based on a qualitative scale, while the other axis (usually consequences) is based
on a qualitative scale [38]. This approach requires relative judgments to categorise the consequences,
according to their (perceived) severity. This is often done by considering object-based vulnerabilities in
terms of the type of objects or functions exposed to flooding. This is the most significant simplification of
the (strict) risk-based approach, which quantifies the values at risk by using depth-damage curves [39].
The justification of this simplification is commonly the lack of quantitative information, such as about
the flood damages resulting from rainfall flooding [40].

Figure 1. Risk-based approach from three perspectives: “flooding probability, exposure determinants
and vulnerability of receptors” Source: Klijn et al., 2015 [36].
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As discussed by Wall [37], the two parameters (probability and consequences) must be complemented
by a third one, being the decision maker preference. This parameter describes how the decision maker
values the possible outcomes representing the consequences. Risk cannot be quantified/qualified without
the knowledge of how much the decision maker desires to avoid the different outcomes. This points to
the need for a third dimension (or axis) to what is a two-dimensional matrix. In practice, this is accounted
for by color-coding and/or scoring the cells of the risk matrix. Wall [37] demonstrates with mathematical
relationships that if the color-codes and/or scores are not determined by the decision maker, then these
do not represent risk and are meaningless. Furthermore, engagement with the decision maker and other
stakeholders helps to increase their risk awareness. This also supports the process to engage more widely
to access potentially less costly adaptation actions, as well as adaptation opportunities that are provided
by urban (re)development and infrastructure investments.

In recent years, the understanding of the best ways to manage urban drainage has advanced
in understanding and perspectives with different approaches emerging from research (e.g., [34,35]).
However, this knowledge has not been taken up in practice and implementation of these good practices
has been slow [41].

3. Semi Risk-Based Approach

The semi risk-based approach provides information and guidance for engineers and urban
planners for defining the priority in which to take adaptation actions in anticipation of severe rainfall
events. The proposed approach is based on the hydrological and hydraulic modelling of drainage
systems using various rainfall events. The approach supports the identification of (cost-) effective
interventions based upon the adaptation opportunities provided at specific locations that are at risk of
flooding. In doing so, it promotes good housekeeping on the part of the drainage authority and/or
municipality, along with other relevant stakeholders. The approach is set out below in a number of
sequential steps.

3.1. Step 1. Selection of Events

The drainage system is subject to stress by hydrological drivers, being the range of possible
rainfall events. Determining the probability/magnitude of rainfall events to be included in the analysis
is the starting point of the semi risk-based approach. This should be done by the relevant stakeholders,
such as the drainage authority, municipality, and others, like critical infrastructure providers, using a
bottom-up assessment (also stress test). As stated by AGWA, the purpose of a stress test is to define
the vulnerabilities of the system and to evaluate their occurrence within a certain range of magnitude
of drivers, such as rainfall probability and/or intensity [42]. The selection of rainfall events, or classes
of events, has to be made by the stakeholders by considering the local climate and other conditions,
which is not usually straightforward. When historical records are available, it is possible to know how
the system has previously responded to rainfall events, or at least the design event. This provides some
indication of how to set the magnitude of rainfall relevant for the location. As a consequence of climate
change, however, severe rainfall events will become increasingly common as well as increasingly
intense. To reduce the significance of climate change uncertainty, the analysis can be executed by using
fixed magnitudes of rainfall events. These represent a certain range of probabilities now and in the
future, and should be defined according to local conditions. These pre-defined events will be used in
the next step to model and map potential flooding.

3.2. Step 2. Modelling and Hazard Mapping

Modelling has an important role in understanding the performance of the minor drainage system,
when considering its interaction with the urban terrain. It also provides understanding of where and
how floodwaters are likely to collect and flow across the urban landscape, how fast they might rise and
fall, and how frequent [43]. The role of modelling comprises the transition from raw data to analysed
data and modelling outcomes, such as hazard maps [44]. Urban drainage modelling specifically
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involves the simulation of hydrological conditions, which is used for the analysis of the whole
of drainage system response under these conditions and subsequently for analysing interventions.
Therefore, the different rainfall events defined in the previous step need to be modelled and analysed
to obtain improved knowledge about the functioning of the drainage system. Input data for this step
include the temporal description of the rainfall event (i.e., hyetograph), a hydrological and hydraulic
model of the drainage system, a digital elevation model (DEM), and parameter descriptions for the
water exchange between the one-dimensional (1D) and two-dimensional (2D) model. The outcomes
comprise a range of flood hazard maps that show the locations of inundation and simulated maximum
water depths that are associated with the defined rainfall events. These hazard maps are used in
the next step to develop risk maps, which form the baseline for the identification and assessment of
interventions (step 4 and 5).

3.3. Step 3. Risk Categorization and Mapping

The flood hazard maps provide information on the areas susceptible to flooding based on the
frequency of occurrence of the defined rainfall events. In this step, their frequency of occurrence is
combined with the severity of flood damages, which can also be considered in different classes, such as:
nuisance, minor damage, moderate damage, and major damage (adapted from [45]). The classification
scheme for severity should be developed by the decision maker/stakeholders, and should preferably
consider object-based vulnerability. Here, the classes could vary according to the type of object
(building, road, etc.) and/or the function of the object (house, metro station, hospital, etc.). The classes
might also take into account thresholds for the depth of flooding. This type of information is important,
because e.g., 10 cm of water depths may be tolerable for some houses, but critical for metro stations or
hospitals. However, the classification scheme will not typically consider vulnerability in terms of the
values at risk and does not need detailed data about the impacts. The latter sets the semi risk-based
approach apart from the strictly risk-based approach, and hence it might be considered to be a more
(but not entirely) qualitative approach. The classification of severity requires inherently subjective
judgments and/or arbitrary decisions about how to group the range of consequences into classes.
Wall [37] notes that labels for the classes of probability and consequences use terms that vary from one
application to the next, and that the meaning of these labels is open to interpretation. The need for
subjective judgments, and the potential for inconsistencies in making such judgments, implies that
there may be no entirely objective way to fill out a risk matrix [46].

The combination of frequency and severity gives an indication of the flood risk of an area. Different
combinations of frequency and severity can be presented in a risk matrix. This is a matrix with several
classes of frequency for its columns and several classes of severity or impact for its rows (see Figure 2).
This associates a level of risk and/or some risk management action (based upon the tolerability of
risk) with each row-column pair [46]. As for the frequency and severity classes, it is the role of the
stakeholders to decide upon the definition of tolerable risk levels, and most importantly, upon the need
for risk management actions. The risk matrix helps the stakeholders in identifying how a particular
level of risk can be managed. For example, a (very) low risk, e.g., related to water on streets, would
likely be tolerated by the stakeholders, whereas a (very) high risk, e.g., related to flooding of critical
infrastructure, could be unacceptable. It is preferable to set up a stakeholder engagement process
when deciding upon the tolerable levels of risk, and how this should be defined. This process should
bring together the key stakeholders with a responsibility in managing flood risk, including the private
sector, such as critical infrastructure providers. Through the engagement process, the negotiated risk
matrix becomes meaningful for the stakeholders and local conditions. It also increases commitment
for the implementation of risk management actions. The stakeholder process could be designed based
on different approaches that are described elsewhere (e.g., [47]).
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3.4. Step 4. Selection of Interventions

The levels of risk are the starting point for the selection of interventions. This is part of the
engagement process with stakeholders. Stakeholder involvement is essential to better capture the
specifics of the local context and it will also expand the available range of interventions to include
options such as lowering street profiles or disconnecting areas from the collector network. The risk
matrix and risk map provide the stakeholders with the information and guidance that is needed to
define a timeline for interventions based on the tolerability of a level of risk. Specifically, it enables
them to take account of the development dynamics in urban areas, such as the maintenance and
renewal of infrastructure, buildings and public spaces [32]. In areas with (very) high risk (red colour),
interventions are required most urgently, given the occurrence of severe damages. This indicates that
these interventions have, in many cases, to be implemented in the short-term, often independent
of any adaptation opportunity (i.e., mainstreaming). This is because adaptation opportunities will
mostly occur in the medium term (next 5 to 30 years). The selection of interventions for areas with a
medium risk (orange colour) is more challenging. In these areas, the damage that is caused is not so
severe that it demands urgent action, and for that same reason the available budget is constrained.
Here, a more detailed analysis may be required for the selection process, including the specific expertise
of stakeholders (e.g., spatial planners). By sharing investment agendas, the stakeholders involved
should aim to take advantage of adaptation opportunities that are provided by the dynamics of other
urban systems, such as road maintenance. This could lead to cost savings on the implementation of
interventions. In this case, there may be evidence from the analysis allowing for the postponement
of the design and selection of interventions (to deal with a medium risk) to a later stage when the
adaptation opportunity arises.

Figure 2. Risk matrix, general example. The axes are related with the consequence severity (y),
and probability/type of event (x). The arrows represent the directions from lower risk regions to higher
risk regions. Adapted from Elmontsri [48].

3.5. Step 5. Repetition and Refining

The semi risk-based approach is iterative in that it involves the repetition of steps 2 to 4 until
the level of risk is lowered to a tolerable level. By doing this, the design or modifications of the
drainage system (as a whole) can be undertaken in the most affordable manner. The involvement
of stakeholders representing different sectors is desirable, particularly during steps 3 and 4 of the
approach. Their involvement throughout the iterative process increases awareness among them about
the effectiveness of possible interventions, and, in turn, secures feedback on the design that may result
in innovative ways to manage flooding. This is because stakeholders have a better understanding of the
area being studied and may think of interventions that are outside the engineer’s normal practices [49].

As part of the ongoing research collaboration with the City of Rotterdam, a drainage system
was selected as a way to test the proposed approach. Rotterdam is a city with particular interest
on developing new ways of managing urban flooding, and therefore it makes available relevant
information for undertaking case studies.
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4. Case Study and Model Set Up

4.1. Case Study and Stakeholder Involvement

Spaanse Polder is one of the 42 districts of Rotterdam, located in the northwest of the city.
The district comprises a low-lying polder which covers a drainage area of 190 hectares with
twenty-seven types of land use. This area is an industrial park that has been developed in the
1920s and further densified in the 1980s and 1990s. Almost 30% of the land use is unpaved surfaces
covered by green space, whereas paved areas comprise both open paved and closed paved covered
70% of land use. A few green spaces are situated adjacent to open watercourses and along linear
infrastructure like roads [50]. There is only one major road in the area running in the North-South
direction. Figure 3 shows the location of the case study area.

Figure 3. Location of Spaanse Polder. Source: Google Maps, 2016 [51].

Over the past two decades severe rainfall events have occurred in the area, which have led to
water on the streets with the capacity of the drainage system being exceeded. In July of 2005, the area
was subject to a severe rainstorm causing around 70 cm of water on the streets, which led to the
saturation of the drainage system [50]. There were in total 170 affected buildings, including basements,
households, and commercial buildings. As for the flooding mechanisms, pluvial flooding has been
found as the main source of the problems. The following factors have worsened the impacts of these
heavy rainfall events:

• The district has a high percentage of imperviousness (around 70% of the area) due to the dense
urbanization. As a consequence, the hydrologic response to these heavy rainfall events is very
fast and translates almost immediately into high runoff peaks.

• There are no storage facilities in which the rainwater can be collected, so surface runoff drains
directly into the drainage system, causing flooding when extreme rainfall occurs.

• Under design rainfall conditions, rainwater is transported to the wastewater treatment plant by
means of a pumping system. Under more severe rainfall conditions, an excess of stormwater
is pumped out of the system towards the river Maas. However, the pump capacity is limited,
and when the water volumes exceed this capacity, water is drained out of the system to surface
water bodies.

The City of Rotterdam was involved in the case study as a partner of the Cooperative Research
Centre for Water Sensitive Cities. Their involvement consisted mainly of the participation of two
experts (a program manager and a policy advisor) in various research meetings. They provided advice
on the development of the approach, as well as feedback on the results of its application. They also
assisted in collecting relevant data, the 1D flood model and grey literature. A comprehensive process
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for stakeholder involvement was beyond the scope of the case study, which was the demonstration of
the semi risk-based approach. It is recommended, however, that such a process is set-up within the
proposed policy development trajectory on managing flood impacts.

4.2. Model Set Up

Simulation of the urban drainage system was performed using PCSWMM, which is an urban
drainage modelling package with a GIS system providing a user-friendly interface [52]. The 1D
drainage model simulates the pipe flow and the 2D overland flow model simulates the surface flow.
The interaction between the two models occurs via connection nodes or structures, like manholes
and open channels. The flood hazard extent has been assessed for the selected rainfall events,
using this 1D-2D coupled model. The DEM was taken from the Dutch National System AHN2
with 0.5 m × 0.5 m of resolution. Using such resolution helped identify the occurrence of surface
water in detail. In addition, the quality of the model is represented by the physical characteristics
of e.g., land cover map and 1D sewerage network model developed from GIS database of sewer assets.
Further data collection (e.g., water levels in an actual event in the channel) is required to improve
predictions and even then, unless the event is of sufficient rarity, its validity for model verification
could be questioned.

4.2.1. Overland Flow (2D)

PCSWMM performs 2D calculations by discretizing the 2D domain into a mesh consisting of
various cells. In this case, the grid is adapted to specific details. In general, a grid size of 5 m for
the main blocks, 1 m use for streets, and 0.5 m for small alleys or corridors. Each cell is represented
by a 2D node, whose invert elevation is represented by the average bottom (or ground) elevation of
that cell. All of the 2D nodes are connected to their adjacent nodes by 2D conduits or rectangular
open channels. In order to preserve continuity, the surface areas of the nodes are usually small and
the surface area in each cell is assigned to the 2D conduits connected to the node. The overland flow
is spread according to the Shallow Water Equations (SWE) in two dimensions, including continuity
and momentum. The routing step use in the model is 6 s, and the manning range from 0.012 to 0.025,
according to the type of area.

4.2.2. Sewer Network (1D)

The 1D drainage model consisted of 637 manhole nodes, seven external weir nodes, and two
boundary nodes (which serve as drainage outlets) connected by 691 pipes. The discharge into the
system is computed as a function of rainfall and runoff factors. The runoff from built-up areas come
into the (minor) drainage system collected through sub-catchments, assigned for each of the nodes,
and generated in the 1D drainage model. As flow increases, water can flow out to the surface through
the connections. Depending on the flow conditions, the 1D-2D coupled model allows water to flow
back into the (minor) drainage system.

5. Results

The semi risk-based approach has been applied to Spaanse Polder in Rotterdam, the Netherlands.
The focus of this application was on the demonstration of the approach as a guidance tool for defining
the priority in taking adaptation actions to reduce the risk of intra-urban flooding.

5.1. Step 1. Selection of Events

For the case study (Spaanse Polder), the following intensities of rainfall were selected in
consultation with the City of Rotterdam: 20, 40, 60, and 80 mm per hour. This broad range of
events has been selected to obtain an understanding of how the drainage system responds to different
pressures (i.e., rainfall intensities). According to the Dutch National Standards, the design event



Water 2018, 10, 384 10 of 21

corresponds to 19.6 mm per hour. Here, the (design) performance of the minor drainage system was
assessed with the 20 mm/h event. From this assessment, it was found that the minor drainage system
has insufficient conveyance capacity in a number of locations, leading to water on the streets. This gave
an initial indication of where flooding might be expected to occur for the more severe rainfall events.

5.2. Step 2. Modelling and Hazard Mapping

Simulation of events provided the water depths and velocities for the study area. Figure 4a shows
the flood hazard extent for the design rainfall (i.e., 20 mm). It shows that a few areas have water on
the streets. Whereas, the hazard map for the extreme rainfall (i.e., 80 mm) indicates that water on the
streets occurs all across the sewer district (Figure 4b). This could be expected as the minor drainage
system has not been designed to cope with such extreme rainfall. When combining the results of the
model with land use information, the impacts have been initially categorized using a binary approach
for determining inundation conditions (i.e., flooded or not flooded). However, the selection of the
risk category requires consideration of the water depth, as the limits between different categories are
defined by water depth (i.e., 5 and 10 cm for the case study), as can be seen in the following section.
Results from the simulation are used for the risk categorization in the next step.

Figure 4. Flood map for Spaanse Polder for (a) the 20 mm event and (b) the 80 mm event.

5.3. Step 3. Risk Categorization and Mapping

The hazard maps for the four rainfall events were combined with the impacts that were derived
from a land use map, to obtain a single map with areas of (in) tolerable flood risk, using the risk
matrix from Figure 4. As a first (sub) step, a limited number of objects/functions were considered for
the severity classes: buildings, roads/access and power supply. This narrow focus resulted from the
homogeneous land use of the case study area, being an industrial area. Almost all of the buildings
in Spaanse Polder have an industrial function, like a garage, loading area, or storage area. For more
heterogeneous areas, it is recommended that differentiation of the types of objects or functions is
important, like houses, metro stations, and hospitals.

For the three objects/functions, a description of the consequences was developed together with
the City of Rotterdam. For this case study, four classes of severity of the consequences were considered
to be sufficient for the objects and functions being studied. The labels for these classes were: nuisance,
minor damage, moderate damage, and major damage. Table 2 gives the descriptions per severity class
and object/function. As can be observed from Table 2, criteria related to both exposure (being the depth
of flooding) and vulnerability (being the type of object/function at risk, together with some critical
threshold for damage or outage) have been used for the qualification of the severity. The velocity and
duration of flooding were such that these criteria (for exposure) were not deemed to be relevant for the
case study. That is the flow velocities were less than 1.1 m/s and the duration of flooding was less than
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60 min. The descriptions per object/function have also been aggregated into general descriptions, as
given in Figure 5 and below. In the development of the descriptions, the City of Rotterdam has learned
from the good practices of the City of Melbourne [45], which is also a partner in of the CRC for Water
Sensitive Cities.

Table 2. Description of the consequences per object/function.

Severity Class Buildings Roads/Access Power Supply

Nuisance
Low lying areas (e.g., parking lots
or back-yards) are affected: up to
5 cm of water

Low lying areas (e.g., green
spaces) next to roads are affected:
up to 5 cm of water

Not applicable

Minor damage Buildings are affected below the
floor level

Minor roads are affected: more
than 5 cm of water

Transmission stations are
affected: up to 10 cm
(no outage)

Moderate damage Buildings are affected at the floor
level: up to 10 cm of water

Main roads are affected: more
than 5 cm of water

Transmission stations are
affected above 10 cm
(outage)

Major damage Buildings are affected above 10 cm Major roads are affected: more
than 5 cm of water

Substations are affected
above 25 cm (outage)

The classes of rainfall intensities and severity were subsequently combined to obtain different
subjective levels of risk, ranging from very low to very high risk. The lowest class of severity
corresponds to nuisance, and the levels of risk that have been associated with this class were low risk
and very low risk. Here, shallow water is allowed to flow across land surfaces; this means up to 5 cm
of water and up to 60 min in duration. These flows will cause nuisance for the occupants, but all the
services and business activities will continue to function. The next class corresponds to minor damage,
and three levels of risk have been assigned to this class: very low risk for the extreme event, low risk
for the major and moderate events, and medium risk for the minor event. This severity class indicates
that low-lying areas are inundated, with some minor roads potentially being closed and flood water
flowing into some backyards. The third category corresponds to moderate damage, and has been
assigned three levels of risk: low risk for the extreme event, medium risk for the major and moderate
events and high risk for the minor event. Within this class, main traffic routes may be affected as well
as some buildings above the ground floor level. The most severe class has been described as major
damage, where buildings may be inundated by more than 10 cm of water. In addition, some main
routes and utility services may be impacted, which could lead to a closure to traffic or utility service
interruptions. This class has been associated with four levels of risk, ranging from a low risk for the
extreme event to a very high risk for the minor event.

The levels of risk translated to a risk map of the sewer district in accordance with the combinations
of frequency and severity are given in Figure 5. This was done by overlapping the four hazard maps
with one another in GIS, placing the map for the extreme event at the bottom. The resulting risk map,
as shown in Figure 5, has a few areas with high and very high risk, requiring attention for identifying
and selecting interventions to reduce the flood risk to a tolerable level, being either medium or (very)
low risk. These areas are marked with A, B, and C in Figure 6. The main traffic route is affected,
but most of the areas of Spaanse Polder are classified as very low or low risk. As a rough validation
step, a site visit has been made to the areas with the highest risk to obtain an understanding of the
flow of water on streets. In this regard, it is noted that the area located in the northern most corner is a
private precinct, which was not accessible for a site visit. Through the research meeting, the experts
from the City of Rotterdam furthermore confirmed the identified areas as being exposed to flooding.
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Figure 5. Risk matrix, developed for the case study of Spaanse Polder.

5.4. Step 4. Selection of Interventions

Following the risk categorization and mapping, a short list of interventions was proposed as
a way to improve the current situation for the areas that are most at risk. This has considered the
characteristics of the topography, type of construction, type of property, and the connection (or rather,
distance) to the open water system. The aim for selecting the interventions was their potential in
lowering the risk level to a tolerable level. The following interventions were considered:

• Disconnection from the drainage system. This can be done in the areas near to open water bodies,
such as canals.

• Lowering the profile of streets. By lowering specific streets more water can be stored within the
street profile or can be diverted to a temporal storage, such as a green space. This appears most
favourable in (large) open spaces, like parking areas.

• Flood proofing of buildings. Placing physical barriers in front of a building for preventing water
flowing into the structure. This intervention can be realised at the building scale and with a low
investment cost.

The interventions were selected as the result of a consultation with experienced professionals and
stakeholders, who helped to define promising actions to be taken.
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Figure 6. Risk map of Spaanse Polder. A, B, and C are medium to high risk locations.

5.5. Step 5. Repetition of Step 2 to 4 and Refinement

The proposed interventions were first modelled individually to check their performance and effects
on reducing flooding or its impacts. The interventions that were included in the simulation/analysis
were: changes in the street profile (in zone C), disconnection of areas (in zone B), and flood-proofing
buildings (in zone A). As the affected areas are small and relatively far from each other, the effect of the
interventions proved to be very local, but nonetheless positive in reducing the risk level. Subsequently,
all of the interventions were combined and their effect was analysed and translated into a risk map
with the interventions in place (Figure 7).

In zone A, flood proofing of buildings reduced the level of risk from very high to low, although
there is a small area where the risk has not changed (medium risk). In zone B, the disconnection of the
area has been effective as the level of risk has been reduced from high to low. By this intervention,
water is no longer running into the (minor) drainage system, but directly to the open water system
that was located at the border of the neighbourhood. The intervention proposed in zone C shows that
lowering the profile of streets is effective in reducing the level of risk from medium to low. In this area,
the change in street profile was modelled in combination with lowering the parking area, so that it can
retain flood water.
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Figure 7. Effect of actions taken in most affected areas in Spaanse Polder. A, B and C are the locations
were the risk has been reduced low risk after interventions.

6. Discussion

The discussion is presented with respect to the model, the approach, and the application using
the case study.

6.1. Reflections on the Model

The computational domain of the model presents limitations that can be analysed. Some of the
aspects include: the boundaries, friction map, grid resolution, the equations, the program, and physical
domain. In this case, different options were selected. One change in the settings in PCSWMM
(e.g., dynamic wave to diffusion wave equations) would slightly vary the results in the flood extent
and depth. First, boundaries of the model are chosen according to the area of study. There is no initial
level and discharge exchange. As a result, the depth of water remains the same inside and outside
the area. Second, the friction map is selected according to the surfaces: paved, unpaved, sloped,
and flat roofs, the Manning values are averaged for each type of surface. Third, the irregular grid uses
different sizes of polygons according to the specific area, for instance, roads are smaller than buildings.
After manipulation of the DEM, it takes an average value for each polygon, which can generate some
changes in the surface. Fourth, the equations used to solve the water movement in the surface are the
Shallow Water Equations in two dimensions, which means that the analysis excludes the acceleration
term in the vertical axis and it is considered as a full dynamic model. It is convenient because the
water level (z) is smaller when compared with the flood extent area (x, y). [53]. It is also possible to
simulate using the diffusion wave equations to reduce the computational time of the model, but this
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would not then use the acceleration and pressure terms [54]. Each of these factors are assumptions that
set limits to the model.

In the physical domain, the velocity is interpreted according to the characteristics of the study area:
terrain and type of flood. First, the terrain is low-lying land, with elevations varying from −0.5 m to
1 m above Dutch National Datum (i.e., NAP). This is one of the main reasons for simplifying the hazard
maps to exhibit water depth only. Second, another reason is related to the type of flood. In this case,
pluvial flood, which starts from rainfall events. Then, the velocities are lower when compared to the
velocities from a fluvial (river) flood. Although, it is advisable to include also fluvial and coastal flood
in the model simulation for a complete representation.

In terms of the impacts, it is possible to consider the buildings, pedestrians, and/or vehicles.
First, the representation of the ground levels without the physical representation of the buildings
suggests which structures will have problems of water coming into properties. The walls or hard
boundaries of the buildings could modify the path of the flood. However, due to the low velocities
that remain in a range of 0 to 1.1 m/s, and shallow depths, this is not considered. In order to improve
the accuracy of the simulation it would be useful to include in the DEM the elevation of the property
thresholds (e.g., 10 cm). Second, the pedestrians. If the study area had velocities in the range 1.17 to
3.17 m/s, when a person feels unsafe, the vulnerability for the pedestrians will increase [55,56].
Third, the vehicles. In Figure 6, there are some places that could present difficulties for driving such as
A, B or the main road. However, the multiplication of velocity and water depth does not represent
a stability problem according to the proposed AR&R draft stability criteria for stationary vehicles
(e.g., equation of stability for small vehicles v × y ≤ 0.3 m2/s) [57].

Additionally, there is lack of field data to calibrate and validate the flood extension of the model.
In the absence of data for the study area (e.g., satellite images, eye-witness map of actual flood events),
it is advisable for stakeholders to recognize and verify the places flooded. However, this is not physical
validation of the water extent and depth, which should be determined, for example, by varying
the computational domain of the model (e.g., friction coefficient), to compare it statistically with a
historical event, and changing it until there is the best approximation to observations [58]. Nevertheless,
this 1D-2D model could be used as a reference for 1D/1D a fast assessment model [59] [60].
The calibration coefficient of the weirs for the connection in 1D to 2D is another factor that can
modify the flood map with steady or unsteady flow [61]. In the same way, the process to convert
rainfall to runoff can be further elaborated [62], for example the connections of the roofs that go directly
to the sewer network can be included. Regarding the storage capacity of the sewer network, the
manholes use a maximum volume of 1 m3.

6.2. Reflections on the Approach

Standards-based approaches are most common practice in designing drainage systems.
These approaches require the definition of specific levels of service in order to assure the serviceability
of the system under such conditions, generally linked to a single objective (e.g., conveyance of
runoff). In contrast, risk-based approaches have been extensively used in flood and coastal risk
management. A risk-based approach requires extensive work on the impacts/consequences, focused
on economic values of vulnerable objects [21]. For flood or coastal risk analyses, typically significant
resources are made available for the analysis as well as data from studies that authorities have
already conducted. These approaches have not often been used for drainage systems [21], mainly
due to a lack of information regarding the consequences for the objects/functions affected and
the scale of any affected areas. This points to the need to incorporate (into practice) new ways of
planning and designing drainage systems that facilitate the analysis of the impacts from rainfall
events in a simple and practical way. A potential way to do this is the adoption of the semi risk-based
approach. This approach overcomes the resource and data constraints of the strict risk-based approach
by qualitatively describing object-based vulnerabilities (instead of quantifying the values at risk).
A qualitative scale is used to distinguish between the most severe and less severe consequences for the
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objects/functions. A quantitative scale is applied only to the probabilities. Although the risk matrix
is only an approximate tool, the analysis and interpretations to underpin management decisions are
a significant improvement over the standard-based approach as the impacts are taken into account.

Although it requires fewer resources and data, the semi risk-based approach still requires
a rigorous analysis. The involvement of the decision maker/stakeholders in the analysis is crucial
for the outcomes (i.e., the levels of risk) to be meaningful. This is because the risk is determined
by the decision maker preferences over the possible values of the outcomes, and these preferences
should be incorporated in the development of the risk matrix [37]. In addition, the process to involve
stakeholders will help to increase their risk awareness. The semi risk-based approach visualizes the
level of risk in an area with a risk matrix and risk map. This mapping is helpful when involving
stakeholders, other than engineers, because they can observe where and how the flood impacts occur.
The risk matrix and risk map can also be useful instruments for spatial planning, such as for the
zoning of different land uses according to the (potential) level of risk. This is particularly relevant for
decision makers (e.g., urban planners) who need to take decisions on how to deal with flood risk in
new or redevelopments.

An advantage of the semi risk based approach is that it facilitates the connection of interventions
with adaptation opportunities. By defining the tolerable risk levels in a more flexible way,
the management of flood risk in an area can be connected with the adaptation opportunities [32].
These are opportunities that may occur at a localised and small scale in order to intervene in the
development process. Such fit-for-purpose interventions can facilitate the transformation of an entire
area at higher scale level, by the aggregation of many smaller interventions. The connection with
adaptation opportunities is also facilitated because the tolerable levels of risk give an indication
about the timing (i.e., prioritization) of interventions. Those interventions for dealing with (very) high
risk areas require implementation in the short-term, while other interventions (i.e., for medium risk
areas) could be postponed to the mid-term or even longer. Such interventions, in particular, can be
timed to coincide with other investments in an area. In contrast to this, establishing rigid thresholds
(tolerable levels) for the probability or risk, such as set return periods, may lead to over-dimensioned
interventions that will require excessive, stand-alone investments.

A further advantage of the semi risk-based approach is that it does not consider monetary values
at risk. As shown by Thaler et al. [63], risk-based approaches tend to contribute to distribute the
investments to locations with high-value properties, leaving the poor unprotected or less protected
from the same hazard. This is because investments are prioritized based on their benefit-cost ratio
(from highest to lowest). As the semi risk-based approach does not use a benefit-cost rationale, it is
less likely to give rise to social injustice.

The limitations of the use of risk matrices have been identified by Cox [46], and these also
apply for its use for drainage systems. This includes the following limitations. Risk matrices can
assign the same level of risk to quantitatively very different risks. They can even wrongly assign
higher qualitative ratings to quantitatively smaller risks. This is particularly the case if some of the
consequence severities are associated with large variances in severity. Thirdly, the classes provided by
risk matrices do not necessarily support efficient decision making on investments in risk management
measures. This is because the approach does quantify/monetise the impacts or the potential benefits
(being the reduction in the impacts). Lastly, the classifications of severity cannot be made objectively
and these classifications, along with the outputs (i.e., levels of risk) require subjective interpretation.

Regarding its use in urban drainage, we have identified the time needed for the flood modelling
as a potential limitation. In particular, this may be substantial for the 2D model. Furthermore, there is
potential for the improvement of the approach by considering all types of flooding in the analysis.
This may prove beneficial for urban areas located in coastal zones, for example, because the effects
of the interaction of different sources happen at the same time, when considering that there may be
consequences from extensive fluvial floods, the breaching of coastal defenses without good warning,
urban areas flooded by intensive and sudden rainstorm events, leading to rapid runoff and high flood
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water velocities, and floods in small steep catchments [33]. This is especially important in contexts
where different sources of flooding are present, like in Rotterdam.

6.3. Reflections on the Case Study

Having most of its area covered by pervious surfaces, Spaanse Polder does not offer much room
for implementing alternative solutions without changing the nature of the surfaces extensively [46].
However, by tackling the problem in a localised way, first at urban catchment level and then at
a precinct level, the neighbourhood problems from overflowing water from the drainage system on
to the streets can be tackled. Considering that there are three main areas where the biggest damages
occur (zones A, B and C in Figure 4), and that these are not directly connected, the interventions can be
implemented independently. Moreover, as the interventions are proposed at small scale, they are likely
to be affordable, especially if they are associated with some ongoing works in other urban systems,
like the renovation of street surface or changes in land use or building situation, which can result in
reducing the cost of the interventions [33,64].

As shown in Figure 4a, the interventions needed for the standards-based approach have a different
focus to that identified using the range of rainfall events used for the semi risk-based approach.
The results from the standards-based approach do not always necessitate the need to intervene,
whereas the results from the semi risk-based approach highlight the localised hot spots. This may lead
to investment in areas that are not those most affected by extreme events. In some areas, the effect
of the proposed interventions has been shown to provide limited reduction of water on the streets
(i.e., flood proofing buildings in Area A). As urban drainage systems degrade with time, this type of
analysis should be undertaken recurrently, so that results can be updated for the capacity of coping
with impacts, and to propose new interventions when needed.

Financing of the interventions shown to be effective in the analysis process illustrated here is often
difficult due to the allocation of responsibilities and the willingness or ability to pay. Some interventions,
like changing the profile of streets, is the responsibility of the municipality or the competent authority,
whereas flood proofing or disconnection responsibilities are not as clear, especially in an area that is
mainly industrial and for which the benefits of the interventions are not necessarily evident to the
residents. The City of Rotterdam has defined a new strategy for opportunistic investment, meaning
that they are able to defer the interventions that are proposed in this work until a mainstreaming
opportunity appears in the area. This also means that this approach may not be adopted as regulation,
but rather be kept as one of the ways for assessing adaptation needs.

Some drawbacks of the approach may be identified. Firstly, the approach does not provide any
indication about the economic benefit of the selected interventions. This is because the priorities are
assigned by the defined risk levels (the matrix in Figure 2) that focus the investments to the high-risk
locations. Secondly, the approach is dependent on the time that is needed for the modelling of the
drainage system. Finally, the involvement of stakeholders depends on the context of application.
As explained before, the definition of magnitude of events and risk tolerance is mainly decided in
consultation with stakeholders, and therefore their participation becomes very important for the proper
understanding of the context and occurrence of flood risk.

7. Conclusions

A semi risk-based approach for urban flood assessment and response has been presented as
a simple way of supporting the process of decision making about the location for implementing the
possible interventions according to the risk level defined in consultation with relevant stakeholders.
The approach defines priority of actions depending upon the urgency highlighted in the analysis
(Step 3 and Step 4). The approach has been shown here to be feasible and simple to apply without the
need for the extensive analysis of the economics behind the selection of interventions.

The semi-quantitative risk-based approach helps to structure the analysis across a broad range
of rainfall events in a simple way and to comprehensively illustrate the results for the stakeholders.
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The latter helps to facilitate engagement of stakeholders in the design process. It is helpful for raising
the awareness about the occurrence of extreme rainfall events among non-technical stakeholders.
Although extreme events are usually considered to be a threat, they may also represent an opportunity
to implement change in practice, encouraging decision makers to take urgent actions and to adopt
a long-term perspective [65]. This, however, requires a change in the current practice of managing
urban drainage systems by incorporating the innovation that is needed to deal with extreme rainfall
and the exceedance flows that are generated as the result of such events [19].

Although the case study presented here does not demand extensive research of possible
interventions, mainly because of its industrial nature, it has shown the usefulness of the approach.
Further use and evaluation of the approach is needed in order to gain more evidence of its application
when dealing with extreme rainfall and/or other sources of flooding.
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