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Abstract

Climate change leads to more extreme rainfall in The Netherlands, such
as more frequent and more intense rainfall events. In some urban areas,
like several Dutch historical city centers, this can lead to pluvial flooding
and polluting combined sewer overflows. In this report, these challenges
are investigated by research for design, and urban landscape design
solutions are explored and applied on the basis of the urban
acupuncture theory and the rhizomatic approach. The design is applied
to the historical city center of Deventer, a city of 100.000 inhabitants in
the East of The Netherlands.

A multitude of different rainwater interventions was investigated, and
an applicable set of design guidelines is presented to accelerate future
design projects dealing with similar challenges. Furthermore, the most
vulnerable areas within the neighborhood are explored by investigating
(1) the current sewer system, (2) surface water flows and accumulations
during heavy rainfall events, and (3) existing pluvial flooding models. In
the end, a site-specific landscape design dealing with pluvial flooding
and polluting sewer overflows for the historical city center of Deventer
is presented. The final design is a suggestion and a source of inspiration
on how the threat of more regular pluvial flooding and combined sewer
overflows can be addressed in a historical city center.

It was found that urban rainwater interventions make it possible to
prevent pluvial flooding and reduce polluting sewer overflows during 1
in 10 year precipitation events in a historical Dutch city center. However,
it should be questioned whether the implementation of the required
intervention type and size is also desirable. Furthermore, this research
and design shows that climate change adaptation should not just be
seen as risk limitation, but can also be an opportunity for cities to
become greener, healthier, more biodiverse and more pleasant living
environments.
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Preface

This report was made for a MSc thesis project for the Master study
program of Landscape Architecture and Planning at Wageningen
University and Research, The Netherlands. The objective of this thesis
was to investigate how urban rainwater interventions could contribute
to reducing pluvial flooding events and extreme drainage peaks within
the historical city center of Deventer.

This report consists of:

e A research part, in which a range of urban rainwater
interventions is investigated, information about the severity of
the current and future pluvial flooding and combined sewer
overflows is presented, and the vulnerability of specific sites to
urban flooding is assessed.

e Design guidelines, in which the most important outcomes of the
research part are presented in a brief summary which can be
used to improve and accelerate future design processes in similar
environments.

e A design part, in which the information from the research part
and the design guidelines are applied to the most vulnerable
areas of the city center of Deventer, and are elaborated for the
most vulnerable area within the neighborhood.
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Introduction

The local newspaper of the Dutch city of Deventer and surroundings published four articles about urban flooding
due to heavy rainfall last summer. Some of the titles read: “A heatwave, thunderstorms and street canoeing:
how bizarre weather in the August gripped the East of The Netherlands” (Luchtenberg & Pol, 2020); and “Once
again a lot of flooding and storm damage due to severe weather” (De Stentor, 2020). The Royal Dutch
Meteorological Institute (KNMI) reports a higher intensity of precipitation and a higher frequency of extreme
precipitation events as a result of climate change (KNMI, 2011). As the local newspaper articles indicate, the
shift to more extreme weather is very much perceptible in cities in the East of The Netherlands like Deventer.
This can lead to several problems in urban areas such as pluvial flooding (see figure 1). In this thesis, landscape
design interventions which deal with pluvial flooding and related problems will be explored and implemented.

In 2014, the Intergovernmental Panel on Climate Change (IPCC) presented a report with 4 COz-emission
scenarios (IPCC, 2014). In this report Representative Concentration Pathways (RCP’s) for this century are
modelled (figure 2). In the two most extreme scenarios, future emissions are predicted to keep increasing for
the coming 50 years. In the two more moderate scenarios, future emissions are predicted to stabilize and to
later even decrease. However, this does not mean that climate change will also be stopped, because future
climate also depends on committed warming caused by past emissions (IPCC, 2014).

The driver in this research and design is climate change. The process of global warming causes a broad range of
climate change effects (EEA, 2019). Urban areas, especially areas with many impermeable surfaces and low
amounts of greenery, have a high sensitivity to climate change effects (Runhaar et al., 2012). One of the main
issues in these urban areas caused by climate change is more regular pluvial flooding (Parker, 2010). Table 1
shows an increase in frequency of extreme precipitation events for all mentioned climate scenarios. Due to more
frequent extreme precipitation events more regular pluvial flooding has occurred in many Dutch cities, and this
will increase in the coming years (Van Hattum, 2020).

While some city dwellers might not be concerned about pluvial flooding or might see it as an extraordinary
event, as seems to be the case for the people in figure 1, it can for some people be very troublesome or costly.
Pluvial flooding can lead to nuisances, such as infrastructure congestion, and can lead to damage to public goods
or personal belongings. A neighborhood type that is particularly affected by these issues are historical city
centers (Keller et al., 2017). Besides that, these historical neighborhoods often have a combined sewer system,
which can lead to anincrease in polluting sewer overflows. Sewer overflow is a major cause of pollution to inland
surface waters and the receiving coastal waters, which can lead to ecosystem damage (Semadeni-Davies et al.,
2008).

Furthermore, since the challenge of pluvial flooding mainly occurs in areas with many impermeable surfaces and
low amounts of greenery, it is often the social groups with the lowest prosperity that are most affected by this
problem (De Haas, 2017). This is because green in a neighborhood is one of the major push-factors in urban
environments, since greenery often increases the housing price in neighborhoods. Therefore, the social groups
who have less money to spend often end up in neighborhoods which are vulnerable to pluvial flooding.
Furthermore, it can be assumed that the negative consequences of pluvial flooding also have a bigger impact on
the livelihoods of these people.
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Figure 2: Four different pathways of annual emissions until the year
2100 (from: IPCC, 2014)

Scenario Verandering tov 2014 [%]
Lower Center Upper

2030 3,9 58 7,7
2050_GL 3,9 58 7,7
2050_GH 4,9 1.4 9,8
2050_WL 10,2 14,9 19,6
2050_WH 11,1 16,2 21,3
2085_GL 6,4 9,6 12,8
2085_GH 7,2 11,2 15,2
2085_WL 20,1 30,6 41,1
2085_WH 20,1 30,6 41,1

Table 1: Change (% increase) in the frequency of extreme precipitation events for
different climate scenarios relative to the year 2014 (KNMI, 2019)
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The problems of pluvial flooding and combined sewer overflows can increase seriously when the frequency and
intensity of precipitation increases in the future due to climate change (Van Hattum, 2020). The severity of these
climate change effects will only increase in the future, causing a higher potential impact and vulnerability of the
area. This relationship is shown in figure 3. The exposure in this figure is the degree to which the system is
subject to climate impacts. The sensitivity in the figure is the degree to which the system is susceptible to climate
impacts. The adaptive capacity is the ability of the system to cope with the impacts (Stein et al., 2014). The
vulnerability is the degree to which the system is likely to experience harm due to climate impact. Based on
these relationships, adaptive measures should be taken to counteract potential impacts, and therefore decrease
the vulnerability of the area.

Urban pluvial flooding events have been studied extensively in the past. Consequently, various urban landscape
adaptation or mitigation methods have been proposed to reduce this problem. However, many of these
methods have a big impact on the appearance or the identity of the neighborhood, which makes them not
suitable for the dense urban tissue of most historical neighborhoods. Historical city centers require subtle and
fitting, yet efficient interventions to reduce rainwater runoff peaks. Currently, little research has been done on
this specific theme. Furthermore, much research has been done on the polluting properties of combined sewer
system overflows and on minimizing pollution at the end of the system. However, | will look at the beginning of
the sewer system in order to reduce drainage peaks and prevent these sewer overflows. Very little research has
been done on this approach.

The research and design area of this thesis will be the historical city center of Deventer. Deventer is a city with
approximately 100.000 inhabitants. It is located in the East of The Netherlands in the province of Overijssel,
close to the province of Gelderland (see figure 4). Deventer is at least 1250 years old, which makes it the fourth
oldest city of The Netherlands (Moleveld, 2018). The city center is the oldest part of the city (see figure 5a and
5b).

This location was chosen since the challenges of pluvial flooding and polluting combined sewer overflows are
both present here (Municipality of Deventer, 2019). Another reason for this decision was due to the fact that
Deventer has a unique historical city center, which means the identity and historical value of this neighborhood
should be protected and preserved while dealing with these problems.

While fluvial flooding or river flooding is also a common phenomenon at the river edge of the historical city
center of Deventer, this type of flooding will not be investigated in this report. This is because many measures
have already been taken to reduce fluvial flooding in Deventer, including the national Room for the River project.
Furthermore, applying design measures to reduce fluvial flooding would require interventions of entire different
dimensions and variations.

The motive of this thesis is to:
1. Reduce future risk of pluvial flooding events in the city center of Deventer to the current risk level, in
order to prevent an increased amount of negative social and financial impacts due to urban flooding.
2. Prevent future pluvial flooding events up to rainstorms currently categorized as 1 in 10 years, in order to
prevent negative social and financial impacts of urban flooding.
3. Reduce the risk of future pluvial drainage peaks in the city center of Deventer to the current risk level, in
order to prevent an increased frequency of polluting sewer overflows into surface waters.

In order to reach this goal, the functionality and efficiency of different design interventions should be carefully
assessed. Furthermore, the design interventions should be fitted carefully into the dense urban tissue of the
historical urban landscape.
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1.1 Thesis framework

Thesis statement

Urban landscape design interventions can be used to reduce the detrimental urban climate change effects of
pluvial flooding events and extreme drainage peaks within a historical city center, in particular the city center of
Deventer.

Objectives
The main objective of this thesis is to:

Identify and apply the most appropriate urban landscape design interventions which contribute to reducing
pluvial flooding events and extreme drainage peaks within the historical city center of Deventer.

Sub-objectives of this thesis are to:

Explore the range of urban landscape design interventions which help to reduce pluvial flooding events and
extreme drainage peaks

Create design guidelines for appropriate urban landscape design interventions to reduce pluvial flooding events
and extreme drainage peaks in similar cities in the East of the Netherlands or in similar environments.

Design question

How can urban landscape design interventions be implemented in the historical city center of Deventer, in order
to reduce both pluvial flooding events and extreme drainage peaks causing polluting sewer overflows?

Research questions
The main research question of this thesis is:

How can urban landscape design in the historical city center of Deventer help to reduce both pluvial flooding
events and extreme drainage peaks?

The sub-research questions of this thesis are:

SRQ1: What urban landscape interventions can be used to reduce pluvial flooding events and extreme drainage
peaks?

SRQ2: What are the effects of different urban landscape interventions on the reduction of pluvial flooding events
and extreme drainage peaks?

SRQ3: Which places within the city center of Deventer are most prone to pluvial flooding events and extreme
drainage peaks?

The relationships between these different components of the research and design framework are shown in
figure 6.
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1.2 Key concepts
1.2.1 Pluvial flooding

Pluvial flooding occurs due to extreme precipitation (DHI, 2020). This can happen when the ground cannot
effectively absorb the water and when the sewer systems maximum capacity is reached. In many cases the
floods are not very deep, but they can cause a lot of damage and inconvenience.

1.2.2 Polluting combined sewer overflows

Combined sewer systems are sewer systems in which both household wastewater and precipitation are
transported via one main pipe (see figure 7). In dry weather only household wastewater is drained towards
sewage treatment plants via this pipe. If heavy rainfall occurs and the maximum capacity of the system is
reached, the rainwater mixed with household wastewater will overflow into surface waters. This often leads to
the pollution of surface waters. The pollutants which are often found in these combined sewer overflows include
heavy metals, pesticides and other inorganic chemicals (Brombach et al, 2005; lanuzzi, 1997).

1.3 Theoretical framework

1.3.1 Urban acupuncture

In this research and design process | will make use of the urban acupuncture approach. Urban acupuncture is an
urban design method which strategically locates interventions in a city or neighborhood (Houghton et al., 2015).
By making use of relatively small-scale interventions in strategically chosen places, the positive effects will
revitalize the design sites and the surrounding areas (Lerner, 2014; Hoogduyn, 2014). The intervention will lead
to a positive “energy flow” leading to following developments in the neighborhood, for example more green in
the neighborhood, a more pleasant microclimate or the attraction of tourists.

1.3.2 Research for design

There are 3 general variations in types of interactions between research and design (Lenzholzer et al., 2013):

- Research on design; research is conducted on a finished design in order to inform future designs.

- Research through design; the practice of designing is employed as a research method.

- Research for design; this aims at improving the quality and reliability of a design by using theoretical evidence.

The main method | will use in this research and design is research on design, also often called evidence-based
design. The design will be based on systematic knowledge from empirical research, which will help to make well-
informed decisions in the design (Deming & Swaffield, 2011).

1.3.3 Rhizomatic approach

The concept of the rhizome was developed by Deleuze and Guattari (1987), and means that multiple, non-
hierarchical entry and exit points are used. In most sewer systems, individual failures at one point can lead to
the failure or breakdown of a large part of the system (Seyoum, 2015). The rhizomatic approach is based on the
idea that rainwater can spread towards available spaces or trickle downwards to new spaces (Deleuze &
Guattari, 1987). This means that if a failure occurs at one point in the system, new ways are found which keeps
the system intact.
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1.4 Methods and materials
1.4.1 Methodology

The thesis process will initially require a lot of research and little
designing, and this division will gradually shift during the process
towards less research and more designing. This has been represented in
a sketch of Sven Ingvar Andersson (figure 8). The sketch shows the design
process as a line circling around the apex, which is the final solution. The
stripes represent research or facts involved in the process, and the dots
represent the sketching and designing. The flower represents the final
design resulting from the process.

However, this does not mean the research and design process is a one-
way process. It is a complex process which requires multiple iterations.
This is shown in figure 9. The main reason for this is that research and
design are no standalone elements but interact with each other.

Furthermore, design guidelines will be used as a key link between
research and design. Design guidelines are used to translate the research
into recommendations for the actual design (Van den Brink et al., 2016).
This will be explained more extensively in chapter 1.5.1.

Figure 8: Sketch of the design process by
Sven Ingvar Andersson. (Andersson, 1994).




Research

Gathering information SRQ1 SRO2 SRO3
L:::r:atrthre (LETE dhi‘l:e::\'s Field visits MRQ Conclusion Discussion
DQ
Design guidelines
Vision
Multi-criteria analysis Concept A Concept B Concept C

Multi-criteria analysis  Alternative design A Alternative design B Alternative design C

Design proposal Final design proposal Final design

Design
Figure 9: Flowchart of the research and design methodology (Figure made by author)

1.4.2 Materials

In order to initiate the evidence-based design it is essential to collect relevant information. This will be done by:

Material Type of data

Literature research This can help to find out information about examples of design interventions and
their effects, and about new or experimental ways to reduce pluvial flooding and

combined sewer overflows.

Maps Maps should be studied in order to find out what the most problematic areas are
within the city center of Deventer, and what design interventions are possible in
which specific places.

Existing models,
figures and diagrams

These should be used in order to get an understanding of the complex drainage
system and to comprehend the effects different climate scenarios. They can also
give an indication of the needed capacity of the future drainage system by
predicting the amount of household wastewater and frequency and severity of
extreme precipitation events.

Field visits Pictures and sketches of specific sites which are important for the research and
design.
Design and Digital programs such as Adobe Illustrator and Photoshop which can help to

visualization software | communicate and illustrate the design.

Table 2: research and design materials and the expected type of acquired data (table made by author)
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In the end, a final presentation, 3 A1/AO posters, and a final report including a main masterplan accompanied
by a vision, concept, several detailed designs, relevant sections and visualizations will be delivered.

1.5 Use of design guidelines and design proposals
1.5.1 Design guidelines

An important step from the research to design are the design guidelines. According to Van den Brink et al. (2016)
the design guidelines serve two main purposes:

- Suggesting a specific direction for the design, by excluding many alternative less suitable directions.

- Offering transferable knowledge which works beyond this specific situation to a broader set of cases. This can
only be done if the guidelines are abstractions which can be applied in similar situations.

Furthermore, the design guidelines also serve another purpose outside of this thesis, which is the improvement
and acceleration of future design processes (Van den Brink et al., 2016). Creating an applicable set of guidelines
provides a useful foundation for future urban landscape design projects dealing with similar problems.

1.5.2 Development of design proposals

Multiple design proposals will be used to transform the acquired knowledge from the research and the design
guidelines into a site-specific final design. The design proposals will have iterations to allow improvements to be
made and alternative solutions to be explored. The design proposals will be assessed by experts on both urban
landscape design and environmental technology and infrastructure.

1.5.3 Significance

An important contribution to the field of landscape architecture are the design guidelines, which can be used in
projects dealing with similar challenges. The simplicity of the guidelines will also make it possible for non-
experts, like policy-makers or the public, to get an insight in what can be done to reduce climate change related
problems in historical urban areas.

Moreover, the final design will have positive properties for the city center of Deventer, which will only become
of greater value in the future when the current problems will increase. The frequency of pluvial flooding will be
lowered, decreasing financial and social problems due to flooding. Moreover, polluting sewer overflows will be
prevented, improving the ecological quality of surface waters. The final design can be an important inspiration
for policy makers of the city of Deventer. The final design is no fixed masterplan which cannot be altered; it
functions as an advice or example for policy makers and landscape architects on how this complex problem can
be tackled.




Exploring rainwater interventions

What urban landscape interventions can be used to reduce pluvial flooding events and
extreme drainage peaks?

2.1 Urban greenery interventions
2.1.1 Use of vegetation

Every living plant contributes to absorbing and storing water (Silva, 2019). This contributes to the adaptation of
pluvial floods. Furthermore, vegetation needs permeable surface to grow, which means the soil can absorb more
rainwater as opposed to paved surfaces. Urban pluvial flooding adaptation strategies using vegetation as main
adaptation method are called “nature-based solutions” (Huang et al., 2020). Nature-based solutions are
particularly effective against pluvial flooding caused by high-frequency precipitation events, and also have
additional ecological and social benefits. However, they are less effective against pluvial flooding caused by
extreme precipitation events over a short period, since the soil and vegetation need time to absorb large
guantities of water.

2.1.2 Green walls

Green walls are vertical surfaces with a layer of greenery on the
outside (Manso & Castro-Gomez, 2015). The vegetation can grow on,
in or next to the wall of a structure (see figure 10). They are often
applied on blind facades, but can be applied on many types of walls
(Silva, 2019). Green walls most effectively absorb water during low-
intensity showers and over longer periods. Some types of green walls
also include water detention, which improves the water storing
capacities of green walls during high-intensity precipitation. Other
advantages of green walls are their aesthetical and sometimes even
iconic quality and the improvement of insulation. However, green
walls do need a lot of maintenance, both for the drainage system as
well as the pruning of the vegetation (Manso & Castro-Gomez, 2015).
This leads to relatively high maintenance costs.

TS =
Figure 10: Green wall at the Tauw
building in Deventer (Greenfortune, n.d.)
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2.1.3 Green roofs

Green roofs are rooftops covered by vegetation (Silva, 2019). Green roofs range from roofs of extensive use,
which have a thin bedding and few but very succulent plants (see figure 11), to roofs of intensive use, which
generally have a thick soil layer for deep-rooted plants. A portion of the rainwater is absorbed by the plants on
the green roofs. The rest of the rainwater is filtered by the green roof and transported. Because of this, green
roofs can effectively slow down water especially during high-frequency precipitation, and to a lesser extend
during high-intensity precipitation (Ercolani et al., 2018). On a small scale, green roofs have limited effects.
However, on a large scale, green roofs have many benefits next to water detention and the reduction of runoff.
Green roofs contribute to the reduction of the urban heat island effect (Susca et al., 2011). Furthermore, they
can significantly improve the acoustic and thermal insulation of buildings, reducing energy use both in the
summer and winter season.

Figure 11: Green roofs at the Havenkwartier neighborhood in Deventer (Deventer stroomt, 2020)

2.2 Bioretention interventions

2.2.1 Bioretention basins

Bioretention basins are excavated parts of the landscape where rainwater is collected and infiltrated (Silva,
2019). If necessary, the infiltrated rainwater can be collected in the main sewer system network. The processes
of rainwater retention, evapotranspiration and infiltration are present in these basins. Bioretention basins often
consist of a stone granulate layer or gravel layer to improve infiltration and pollutant removal. Bioretention
basins can catch multiple pollutants, such as nitrogen, phosphorus and heavy metals (Lucke & Nichols, 2015).
The vegetation in bioretention basins should be mostly riparian and can range in size from grasses to trees (Silva,
2019). Bioretention basins are particularly effective in reducing high-intensity precipitation runoff, relieving
stress from the sewer system. Bioretention basins work most effectively if there are surface water flows towards
the basin. There are two main types of bioretention basins: wet bioretention basins and dry bioretention basins.
Wet bioretention basins can also be used as water source for irrigation or firefighting, while dry bioretention
basins can be used as submergible park, marketplace or playing field. Dry bioretention basins should not be
placed in areas with high groundwater levels, since this would slow down the infiltration and can lead to a
shallow layer of surface water, which can lead to mosquito breeding. A Disadvantage of bioretention basins is
that overflow measures should be implemented in urban spaces. Moreover, maintenance is needed especially
in the initial years, in order to prevent clogging and trash accumulation.




2.2.2 Bioretention planters

Bioretention planters are essentially small bioretention
basins, sequentially placed along streets. These planters can
consist of multiple grass, shrub and small tree species, and
are bounded by a curb (Silva, 2019). Using multiple layers, for
example of soil, compost, water-treatment residuals, sand or
gravel layers with different porosities, can improve
infiltration and the catchment of pollutants (Poor et al., ~* : :
2019). Bioretention planters are used to store and gradually Figu;e 12: Bioretention planter ;'n San ;:rbh_cisco
infiltrate water (Silva, 2019). Because of this, bioretention (Madrofio Landscape Design Studio, 2017)
planters are most efficient when they are combined with water transporting measures, like green roofs or
bioswales. Furthermore, bioretention basins work best when there are surface water flows to the planters, so
some type of relief can often improve the efficiency of bioretention planters. Moreover, sedimentary traps can
be used to prevent clogging of the planters. Advantages of bioretention planters are that they need relatively
small spaces, and can be implemented in a lot of different spaces, such as within sidewalks, park boundaries and
road seperators (see figure 12). However, bioretention planters should be placed at least 3 meters from building
to prevent the infiltrated water to affect building foundations (State of Delaware, 2016).

(o

2.2.3 Bioswales

Bioswales are channels that collect, infiltrate and transport rainwater
(MMSD, 2020). They are often shallow and consist of grasses and
sometimes small bushes (see figure 13) (Silva, 2019). Advantages of
bioswales are that they are very effective in catching runoff during
high-intensity precipitation events (Xiao & McPherson, 2011).
Furthermore, they can be easily retrofitted in existing urban areas in
parking lots or along streets (Silva, 2019). They can also be used as
physical boundaries or to enhance the aesthetic value of urban areas.
Bioswales mainly transport water, which means the infiltration
capacities and therefore also the pollution removal capacities of
bioswales are limited. Other disadvantages of bioswales are that they
are not suitable for areas with extreme rainwater drainage volumes
and velocities, because erosion can significantly damage the bioswale
system. Furthermore, bioswales should not be implemented too close
to buildings in order to prevent building foundation damage due to
moisture.

Figure 13: Bioswale tranporting
runoff after a rainstorm in Michigan,

) USA (Watershed council, 2019)
2.2.4 Rain gardens

Rain gardens are gardens located in small depressions, and are designed to temporarily hold and infiltrate
rainwater (Dietz & Clausen, 2005). They imitate the natural rainwater absorption of meadows or forests (Silva,
2019). The size of rain gardens vary, but are generally bigger then bioretention planters and smaller than
bioretention basins. They often consist of multiple vegetation species, such as grasses, flowers, perennials,
bushes and small trees. Generally, a layer of gravel or other porous material is added in the lowest areas of the
garden to improve infiltration. This can improve the biodiversity of urban areas. Another advantage of rain
gardens is that maintenance is limited, especially after the first year (The Groundwater Foundation, 2020). The
rain garden can be connected to a cistern or to the sewer system, which can improve the infiltration speed.
However, this can also lead to stress on the system and to lower pollutant removal levels (Dietz & Clausen, 2005).
MSc Thesis Martijn Brinkman: Lowering the peaks

2.3 Infiltration interventions

2.3.1 Penetrable pavements

Penetrable pavement are pervious surfaces that allow water to infiltrate through
the surface and be absorbed by the underlying soil (Silva, 2019). These
pavements reduce the surface runoff during precipitation events (Ferguson,
2005). Penetrable pavements should only be implemented if the soil has high
infiltration rates. Furthermore, the robustness of the pavement should be
considered by looking at the weight and frequency of traffic, in order to prevent
compression of the permeable layers (Silva, 2019). There are 3 general types of
penetrable pavements: porous pavement, open cell pavement and interlocking
pavement (see figure 14a to c). Porous pavements have voids in their
composition, open cell pavement units have one or multiple voids in their form,
and interlocking pavements have voids between the pavement units.

- i

Figure 14a, 14b and 14c: Porous, open cell, and

interlocking pavements (From: Silva, 2019)
Stormwater retention crates are modular stackable crates that can be placed below penetrable surfaces in areas
vulnerable to pluvial flooding (Brettmartin, 2020). The crates create an underground void which fills up with
water that has seeped through the surface. The crates act as a retention tank during heavy rainfall events, and
the water can infiltrate in the sub-soil after the precipitation event. Retention crates can also be used in
combination with waterproof geotextile or piping in order to transport the water. It is important to take into
account that these crates have a maximum load, and therefore cannot be placed below roads (MacLean et al.,
2020).

2.3.2 Retention crates

2.3.3 Infiltration trenches

Infiltration trenches are longitudinal strips located next to roads or
sidewalks (Silva, 2019). They redirect run-off water from the surface to
the sub-surface (Chahar et al., 2012). They are characterized as long
but narrow and shallow depressions. They usually consist of a gravel 2= =
layer which improves infiltration (see figure 15) (Silva, 2019). This layer b ey
is surrounded by a geotextile fabric which allows water to seep through
into the soil below. An advantage of this intervention is that a relatively
small space is required to implement this. A disadvantage is that the

trench may fill up fast and that the water needs time to infiltrate into ¥ i : DML 05
. trench between
the sub-soil.

two roads in Georgia, USA (Georgia
planning, n.d.)
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2.4 Reservoir interventions
2.4.1 Artificial detention basins

An artificial detention basin is a depression in the landscape used to store and slowly drain water off-site, which
means they release stress from the sewer systems at extreme precipitation events (Burton, 1980). They are
usually located in low places in the landscape, to allow gravity-driven water flows to transport water to the
basin. Generally the water for these basins is transported by separated sewer systems. The difference with
bioretention basins is that the water does not infiltrate the sub-soil but keeps on slowly flowing to other sites
(Silva, 2019). Therefore, artificial detention are more suitable to implement in places with a high groundwater
table or where water cannot sufficiently infiltrate into the soil. Water basins should always incorporate water-
dynamics features like fountains or cascades in order to prevent the water from being stagnant, since stagnant
water can become a risk to human health (Nascimento et al., 1999; Silva, 2019). Artificial basins can also be
implemented underground, which reduces the use of public space. However, they are often large in size, making
it difficult to these implement underground basins in dense urban tissues.

On the household level you could also place rain barrels within this artificial detention basin category (Li & Lam,
2015). The water that is collected from the roof gutters is collected in the rain barrel, and this collected water is
generally used for irrigation in periods of low precipitation.

2.4.2 Water plazas

Water plazas are low-lying squares within urban areas which can be submerged during extreme precipitation
events (see figure 16) (Johansson, 2019). Since this measure does not create any unusable publlc spaces this
measure can be easily implemented in dense urban
areas. Generally the water for these basins is
transported by separated sewer systems or from
other drainage measures such as green roofs, green
walls, bioswales and rain gardens (Silva, 2019).
During dry periods, the squares can have multiple
functions, such as amphitheaters, playground or
space for fairs. A disadvantage of this measure is
that water plazas do not include filtration, which
means the present pollutants will remain in the
water and can be deposited on the square.
Therefore, cleaning of the square is needed every
time the square is filled with water.

Figure 16: Water plaza used as playing court during
dry periods in Rotterdam, The Netherlands (Bravo,
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2.5 Surface drainage interventions
2.5.1 Street channels

Street channels are open drainage systems in a street that are generally
complementary to underground sewer systems (Bennett & Mays,
1985). These channels should not receive potentially polluted water,
since this can be a threat to human health. They can however receive
rainwater, for example water that was been intercepted by other
measures, or water that has already been treated (Silva, 2019). Since
this measure is clearly visible and offers the opportunity to be part of it,
street channels can also change the perception of people, creating
awareness for extreme precipitation events and stormwater transport
systems. This effect can be increased by adding features like stepping
stones, bridges, filters, cascades, waterfalls or pools. These channels
can have different shapes, such as narrow lines, narrow square channels
or wide shallow meandering channels (see figure 17a to c). While there
are many design possibilities for these street channels, the channel
should have a sufficiently steep sloping gradient in order for the water B
to keep flowing. Open street channels do not require a lot of space,
which means they can also be used in compacted urban areas. This
measure has been used regularly in historical times, and is therefore

also be very suitable in many types of historical neighborhoods. F/gure 17a 17b and 17c leferenlysped

open street drainage channels (City & County of
San Francisco, 2015; Atelier GroenBlauw, 2020)
Extended or enlarged natural or artificial waterways can help to drain large volumes of stormwater into existing
surface waters, and thereby alleviating stress from the current sewer system and preventing potential pluvial
floods (Silva, 2019). This intervention can be very effective at reducing pluvial flooding due to extreme
precipitation events. This is why this measure is also often used in Southern Asia, where often water logging
problems occur during the monsoon season (Ahmed et al., 2015). However, extending or enlarging waterways
is a very drastic and space-consuming measure, which makes this measure generally not suitable for many dense
urban areas.

2.5.2 Extended/enlarged waterways

2.5.3 Surface flow barriers

Surface flow barriers are measures that slow down the velocity or
entirely stop surface water flows, in order to counteract erosion or
to protect certain sites from flooding. Examples of this measure are
dikes, raised pathways or buildings, dams, and check dams. Check
dams can be implemented in stormwater transporting channels
(see figure 18) (Silva, 2019). Check dams reduce the velocity of the
water in the channel, which reduces erosion and promotes
sedimentation behind these dams. Because of this water can more
effectively infiltrate into the soil. In order to prevent mosquito
breeding and to promote purification of the water, the
appropriate vegetation should be planted behind these dams.

Figure 18: Check dams in a stormwater
swale in Chesapeake, Virginia, USA
(Chesapeake stormwater network, 2014)
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Intervention effectiveness

What are the effects of different urban landscape interventions on the reduction of pluvial
flooding events and extreme drainage peaks?

3.1 Intervention types

Looking at all the intervention options of last chapter, it is still difficult to decide what is the best measure at a
specific site and situation. In order to simplify this decision, all interventions were put into a model in which the
required slope and the effectiveness against rainfall event types are determined for each individual measure
and weighed against the other measures (see figure 19). This creates a model in which three clear groups can
be distinguished:

1. High-frequency rainfall measures: Use of vegetation, green walls, green roofs and bioretention planters. These
measures are most effective against high-frequency rainfall, and not so much against high-intensity rainfall. They
are mostly rainwater storage or infiltration measures, but can also be the beginning of the rainwater transport
system, as is the case for green walls and green roofs.

2. High-intensity rainfall measures: Bioretention basins, rain gardens, penetrable pavements, artificial detention
basins, water plazas and extended/enlarged waterways. These measures are very effective against situations in
which high quantities of rainfall have to be drained in a short amount of time. In most cases these measures are
quite radical and large, but can store or infiltrate large quantities of water when it is needed.

3. Stormwater transportation measures: Bioswales, infiltration trenches, street channels and surface flow
barriers. These measures do not exclusively store or infiltrate rainwater, their function is primarily to transport
rainwater to places where the rainwater can be infiltrated, stored or transported further. They are most effective
at high-intensity precipitation events, since large quantities of water have to be transported from vulnerable
places in these situations. These measures do need a sufficient slope to function, since otherwise the water will
not be transported by gravity and will stagnate in undesirable places.

For these 3 stormwater drainage measure groups, the effectiveness of the interventions will be determined.
Furthermore, other important factors, such as costs, water quality and public awareness, will be taken into
account in the multi-criteria analysis.

MSc Thesis Martijn Brinkman: Lowering the peaks

Intervention Types

Required slope

Steepslope—y — — — = — — — — — — — — — — — — 7 A:Use of vegetation

@ B: Green walls
@ ' C: Green roofs
@ ' D: Bioretention basins

E: Bioretention planters

F: Bioswales
G: Rain gardens
H: Penetrable pavements
I: Retention crates
J: Infiltration trenches
K: Artificial detention basins
L: Water plazas
M: Street channels
N: Extended/enlarged waterways
O: Surface flow barriers

©
® 6®
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| Effective against

High-frequency rainfall High-intensity rainfall

Figure 19: Stormwater drainage intervention types classified into multiple categories (figure made by author)

12 L



3.2 High-frequency rainfall measure effectiveness

For high-frequency rainfall measure effectiveness, important factors to take into account are the average
retention capacity (in % of the total rainfall) of a certain amount of rainfall in a specific amount of time. The
rainfall event that was used in this research to compare the effectiveness of high-frequency rainfall interventions
is 10mm precipitation in one hour. This value was chosen for this section, since this value was of frequent
occurrence in the examined literature, which made it possible to accurately compare the effectiveness of
different intervention types.

3.2.1 Effectiveness of vegetation

The infiltration capacity of soils and the water-absorbing capacity of plants depends highly on climate, the type
of soil and type of soil coverage (Thompson et al., 2010). The soil along the river lJssel is lightly loamy, geologically
categorized as river clay on river sand (Technical University Delft, 2020). On the higher parts of the
neighborhood, mainly in the north-east of the neighborhood, the soil consists of fine cover sand. Retention
capacity of vegetation was researched on similar river deposit soils in Rotterdam by Derkzen et al (2015). Since
the climate, soil and urban vegetation of Rotterdam and Deventer are very similar, it can be assumed that the
results of this research are also applicable to Deventer. Urban green space can be divided into multiple different
categories, such as individual trees, herbaceous species, shrubs, garden and woodland (Derkzen et al., 2015).
For these different categories, it was found that woodlands have the highest retention capacity (8,7 L/m?),
followed by individual trees (8,3 L/m?), herbaceous species (8,0 L/m?) and shrubs (7,3 L/m?). Gardens were found
to have lowest retention capacity out of these categories with 6 L/m?. A logical explanation for this could be that
this low result was found because some of the investigated gardens were (partly) paved. It is important to take
into account that these values were found for an average wet day, with 10mm precipitation. If the rainfall is
more frequent or more extreme, it can be assumed that the retention capacity of all vegetation types will be
lower.

3.2.2 Effectiveness of green walls

There are several types of green walls, which all have different retention capacities (Webb, 2010). For the large
majority of green walls, the average retention capacity is between 45% and 75% for 10mm precipitation in one
hour. It was found that the retention capacity of green walls is highly dependent of the rainfall intensity (Lau &
Mah, 2018). For one specific modular green wall with greenery bags, the retention capacity fell from 87% for
2mm/hour precipitation, to 55% for 5,5mm/hour, to 52% for 42,5mm/hour. This shows that while green walls
canintercept a large percentage of the precipitation for low-intensity precipitation events, this percentage drops
down quickly at a certain precipitation intensity.

3.2.3 Effectiveness of green roofs

There are two different types of green roofs: extensive green roofs with a thin vegetation layer (often sedum)
and soil layer, and intensive green roofs with a thick vegetation layer (often flowering meadow plants) and soil
layer (Graceson et al., 2013). This difference can have a relatively large effect on the retention performance of
these roofs. Extensive green roofs were found to retain 40% of a 10mm/hour precipitation event, and intensive
green roofs were found to retain 48% of this same precipitation event. The retention performance of the green
roofs was dependent on the season, with the green roofs being more effective in the spring and summer months
due to higher evapotranspiration rates. Green roofs need about 3 dry days to get back to their initial
effectiveness after a heavy rainfall event (Lee et al., 2013). This means that if heavy rainfall events are lengthy
or successive, the retention performance of green roofs is affected negatively (Gong et al., 2018). Moreover,
extreme precipitation events also negatively affect the retention performance of green roofs (Ercolani et al.,
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2018). Furthermore, in this specific historical neighborhood there is a very low amount of flat roofs. Only some
of the newer commercial buildings have flat roofs, but almost all historical buildings have gabled roofs. This
means implementing green roofs should only potentially be implemented on these commercial buildings, since
it is much more complex and less effective to implement green roofs on gabled roofs compared to flat roofs
(Stovin, 2010).

3.2.4 Effectiveness of bioretention planters

For low-intensity precipitation events (<5mm/hour), bioretention planters can take up 85% to 100% of the
stormwater runoff (Guerra et al., 2018). However, this reduces significantly during heavy rainfall events, when
the retention rate of bioretention planters was found to be 50% to 64%. For a 10mm/hour precipitation event,
the retention performance of a 70cm deep bioretention planter filled with 30cm crushed rock below 40cm
planting soil was found to be roughly 75%. The drawdown time for this planter was found to be between 1 and
2 hours. The difference between this time and the drawback time of green roofs of 3 days can be explained due
to the difference that many bioretention planters have a drainage layer of gravel (or crushed rock in this
particular case) and the sub-soil is located directly below this drainage layer. Both of these aspects can increase
the drainage speed. An underdrain can also increase the drainage speed. These values show that the retention
performance of bioretention planters can be very good for low-intensity rainfall, but the performance can
reduce significantly if the intensity of precipitation increases.

3.2.5 Summary

Intervention Intervention type Average retention

rainfall of 10mm/hour

Vegetation Woodland 8,7mm?
Individual tree 8,3mm?!
Herbaceous species 8,0mm?!
Shrubs 7,3mm !
Gardens 6,0mm ?
Green wall Modular green wall 4,5-7,5mm 2
Green roof Extensive (sedum) 4,0mm 3
Intensive (meadow plants) 4,8mm 3
Bioretention planter 70cm deep soil + crushed rock planter 7,5mm *#

! Derkzen et al. (2015); 2 Webb (2010); 3 Graceson et al. (2013); % Guarra et al. (2018)
Table 3: Retention values of the different high-frequency rainfall measures (table made by author)

Looking at table 3, it is clear that the use of vegetation (especially woodlands, trees and herbs) and bioretention
planters have the best retention performance for 10mm rainfall in one hour. Green walls and green roofs have
a lower retention performance, which could be due to the fact that these interventions are not directly in contact
with the sub-soil, which means that the rainwater cannot be transported into the sub-soil (Graceson et al., 2013).
This can also be the reason for the relatively long drawback time of green roofs.
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3.3 High-intensity rainfall measure effectiveness

The most important factor to take into account to investigate the effectiveness of high-intensity rainfall
interventions is the runoff peak reduction percentage of high-intensity precipitation events, since this has a large
effect on the stress on the sewer system and on the probability of pluvial flooding during a precipitation event.
In this chapter the peak reduction of a 1 in 10 year precipitation event will be investigated. Therefore, all high-
intensity rainfall measures were investigated on this factor.

3.3.1 Effectiveness of bioretention basins

The performance of bioretention basins depends for a large part on the area drained by the basin and the
infiltration and evaporation rates of the basin (Davis, 2008). One of the most important factors in determining
the effectiveness of bioretention basins is the reduction of the runoff peak during high-intensity precipitation
events, which was found to be between 62% and 30%, with 49-58% being the mean reduction range for a
drainage area of 0,24ha asphalt (Davis, 2008). This value was confirmed by Bonneau et al. (2020), who found a
more than half peak reduction for heavy rainfall events. There is a strong correlation between the water level of
the bioretention basin and seasonality, with the basin being almost always full in winter and almost always
empty in summer. The runoff peak reduction performance of bioretention basins was found to be very similar
to rain gardens (Davis, 2008).

3.3.2 Effectiveness of rain gardens

The size of rain gardens should range from 3% to 43% of the total drainage area, depending on the amount of
impervious surfaces in the area, slope and soil type (Stander et al., 2010). This offers little guidance to landscape
designers, which led to many different sizes and shapes of rain gardens, and therefore also highly varying
performances. The chosen vegetation for the rain garden has a significant effect on the hydrological
performance of the rain garden (Yuan et al., 2019). Especially diverse herbaceous flowering perennial mixes, for
example provide high hydrological detention performances compared to mown grasses and bare soil. Similar to
bioretention basins, the stormwater peak reduction of rain gardens is significantly higher in summer compared
to winter (Muthanna et al., 2008). In experimental research of three 2m? rain gardens with a drainage area of
8m? impervious surface, the high-intensity precipitation runoff peak reduction of rain gardens was found to be
between 66% and 76%, depending on the vegetation of the rain garden (Yuan et al., 2019). The lowest reduction
was reached with bare soil (66%), followed by mowed grass (70%), and the highest runoff peak reduction was
reached with the flowering perennial mix (76%).

3.3.3 Effectiveness of penetrable pavements

Porous concrete was tested by Boogaard et al. (2014) for 8 locations in The Netherlands, and infiltration rates
were measures and compared to regular concrete. The porous concrete reached an average infiltration rate of
313mm/hour, while the regular concrete reached 89 mm/hour. This shows that permeable pavements can have
a large effect on infiltration rates. Hu et al. compared different types of permeable pavements, in order to
research their peak flow reduction performance. For this research 1300m? of penetrable pavement was modeled
with a drainage area of 5.800m?2. Permeable asphalts reached an average peak flow reduction of 21,5%,
permeable concretes reached 26%, and permeable interlocking pavers reached 22%. It is important that the
permeable pavements are cleaned after rainstorms, since clogging of permeable pavements due to fine particles
in the pores can reduces the effectiveness of penetrable pavements significantly (Hu et al., 2018). Peak flow
reduction of clogged penetrable pavements can be 37-65% less than the peak flow reduction of penetrable
pavements in good conditions.
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3.3.4 Effectiveness of retention crates

The effectiveness of retention crates depends a lot on the permeability of the surface layer on top of the crates,
and on the groundwater level (Drake et al., 2016). If the permeability of the surface layer on top is very low,
then the retention crates below it will also not contribute much to a high peak reduction for heavy rainfall
events. If the groundwater level is high, the captured water cannot be infiltrated sufficiently into the soil,
decreasing the peak reduction and drawback time. Stewart et al. (2017) researched an underground cell of
retention crates below a permeable pavement of 48m? for a drainage area of 1000m?, and found a peak
reduction of about 60%.

3.3.5 Effectiveness of detention basins and water plazas

In this section, artificial detention basins and water plazas are treated simultaneously, since water plazas are in
essence artificial detention basins in urban areas with alternative recreational functions. While the hydrological
performance of artificial detention basins and water plazas might seem to be very similar to bioretention basins,
there still are some important differences. Bioretention basins infiltrate water, while artificial detention basins
and water plazas have an underdrain (Wissler et al., 2020a). The runoff peak reduction of an 480m? artificial
detention basin draining 28.600m? of impervious area was found to be 52%. So while bioretention basins and
artificial detention basins have different ways of draining the runoff water, the resulting peak reduction for
extreme rainfall events is very similar. Also, artificial detention basins and water plazas should be cleaned
regularly, since the effectivity of these basins can be reduced with up to 41% if sediments and other fine particles
are not removed from the basin on regular basis (Wissler et al., 2020b).

3.3.6 Effectiveness of extended/enlarged waterways

The effectiveness of extended/enlarged waterways depends a lot on the location and the size of the
enlargement (Damodaram & Zechman, 2013). In Norway, a hydrological simulated model was employed by
Kalantari et al. (2014) to predict the effect of enlarged waterways during heavy rainfall events. This was done
for a very big drainage area of 450.000m?, but the intervention size of 10.000m? was also relatively large. A peak
reduction of 25-35% was found, depending on the intensity and duration of the rainfall. The heavier the rainfall
and the longer the duration, the larger the peak reduction.

3.3.7 Summary

Intervention size = Peak reduction
to drainage area  for heavy rainfall

Intervention Intervention Drainage area and type

surface size

ratio events
Bioretention basin 28m? 2.400m? asphalt 1,17% 49-58% ?
Rain garden 2m? 8m? impervious surfac