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PREFACE
The thesis is a summary to my 3-year Master study, which took me eleven
months. The optional course of climate-responsive design in the first year of
the Master program gave me the first insight into the fact that landscape
architecture should be informed by micro-climate knowledge. Later on, the
urban hydrometeorology course enabled me to analyze climatic problems
and resource in a technical way. Gradually, design with microclimate became
the track of my Master study. While my knowledge was accumulating, I have
witnessed climate change hitting mankind in the way that everyone has
underestimated. Hurricanes, forest fires, crazy heat waves and the conjectural
relationship with virus outbreaks. I realized humans are vulnerable to it in ways
none of us can imagine and started to believe design with climate, like Noah’s
Ark which protected creatures from the flood, is able to ensure people to stay
outdoor during climate change.
With the great passion for landscape architecture and the deep will to fill up
the knowledge gap, I completed this thesis. I am so glad I had the scientific
attitude of an urban climate researcher in the former part and the creativity of
a designer in the latter half of this thesis.
I would like to thank my supervisor Sanda Lenzholzer who enlightened me for
urban climate with her indispensable guidance and the high expectation she
had on me from the beginning. My thanks also goes to João Cortesão for his
meticulous advice and huge interest in my topic. Also, I deliver my thanks to
my ‘colleagues’ at the Climatelier who are fully equipped with urban climate
knowledge. Thanks to my family that supports me mentally and financially all
the time. And thanks go to my friends who sometimes pulled me out when I
was struggling in the mire of my thesis.
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ABSTRACT
Keywords:

Urban climate is strongly related to topographies. The urban heat island is
happening in the urban fabric when cold air zones appear in the open and
green landscape. Due to climate change and urbanization, the urban heat
island effect would hit more people harder. Therefore any potential urban
cooling resources should be utilized. Thermal-driven winds or the so-called ‘cool
breeze’ between floodplains and built-up areas is highly valuable.

Urban microclimate, Multifunctional flood defence, UHI Mitigation, Floodplain,
Thermal-driven wind, Dike

In order to invite the cool breeze into Dutch cities, the dike that is currently
playing the role of a barrier needs to be altered. A seasonal flexible flood
defence alternative is believed to be possible because the need of flood
defence (winter to spring) and urban cooling (summer) never occur at the
same time.
To study the characteristics of the cool air exchange between the floodplain
and the urban area and the hampering effect of the dike, the microclimate
simulations were made through ENVI-met for the testbed. The simulations
indicated that the cool breeze is happening between different topographies
where the temperature difference occurs, and has the significant cooling
effect to air temperature in the neighbourhood. According to the findings of
the microclimate simulations, eight concept models were designed based
on the idea of opening for ventilation and closing for flood protection. Along
with the research through design process, these alternatives were improved,
detailed and selected. Eventually, the inflatable dike partition, the modular &
moveable floodwall and the gabion dike were considered to have the best
performances in urban ventilation and the most stable structures for flood
defence. After that, they were applied in the site-specific landscape design in
order to explore social multifunctions the new structures could provide.
At the end of the research, three prototypes of the adjustable flood defence
structure were generated to replace the traditional dike in Dutch cities,
where heat problems is adjacent to the floodplain. In addition, both the
neighbourhood-oriented and tourist attractive multifunctions were identified
for each alternative.
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1.1 Introduction
‘Open landscape’ climatope

Urban heat island effect

The densely built-up urban area is normally warmer than its surrounding
arable fields and natural areas, which is mostly caused by its fabric that traps
radiation. Longwave radiation is more effective, so urban island effect is
stronger during the night. The air temperature difference is also caused by
less evaporation and transpiration in the city due to less open soil, water and
plants. Besides, less ventilation, more heat storage in urban materials and
anthropogenic heat also contribute to the UHI (Buyantuyev & Wu, 2010).
For Dutch cities, the UHI effect has been measured and ranges from 3 to 10
℃ (Albers, et al., 2015). As a result, the UHI strongly decreases the quality
of outdoor space during summer (Van Hove et al., 2011). Half of the urban
outdoor spaces expose to the heat stress annually more than one week, in
big cities such as Rotterdam, it is normally more than two weeks (Albers, et al.,
2015).

Land-uses, building materials, vegetation and different types of surfaces
determine the typical microclimate characteristics, which is called climatopes
(Scherer, Fehrenbach, Beha, & Parlow, 1999). In general, the urban land is
categorized into 11 types of climatopes according to the climatic feature:
(1) water, (2) ‘open landscape’, (3) forest, (4) park, (5) garden city, (6) city
periphery, (7) city, (8) city centre, (9) commercial district, (10) industrial estate,
and (11) railway yard climatope. The climatope map give an overview of
the temperature situation (Lenzholzer, 2015). The city centre, the commercial
district, the densely residential area and sometimes the industrial estate
are places where urban heat island effect takes place. These areas usually
have higher air temperature when low air temperature appears in the ‘open
landscape’ climatope.
The open landscape has a relatively bigger sky view factor, which ensures
that the heat stored from daytime can go back to sky in the form of longwave
radiation after sunset. Moreover, the evaporation and transpiration from
vegetation and soil also extract heat from air, which cools down the area
faster than urban areas (Lenzholzer, 2015).

In reality, the UHI does not always appear in the city centre but distributes
in many locations depending on topologies (Oke, et al., 2017). Therefore,
the urban heat island is preferred to be called the urban heat archipelago
(Lenzholzer, 2015). the UHI could appear in the high-rise and crowded
commercial district in the city centre as well as the densely built-up and highly
paved residential area on the riverside. Moreover, climate change might
exaggerate the UHI, as well as the risk of flood and drought (Albers, et al.,
2015).

Figure 1.1.1 Urban heat island effect (Schmidt, 2018)

Figure 1.1.2 UHI effect adjacent to the floodplain
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Breeze

1.2 Problem statement

In different climatopes, the temperature contrast results in different air pressure.
If different climatopes are next to each other, the pressure contrast evokes
the cool air movement from the lower temperature area to the higher. For
example, at places where the city centre is adjacent to a floodplain, the light
warm air goes up in the city centre, then leaves negative pressure on the lower
level, which triggers the heavy cold air on the floodplain to move slowly into
the city (Erell, Dennis., Williamson & Pearlmutter, 2011). It is believed that the
cold air movement has great potential to mitigate the urban heat problem by
functioning as natural ventilation.

It is a common meteorology phenomenon that different temperature zones
result in pressure differences, which provoke many types of thermal-driven wind
from the colder zone to the warmer (Serafin & Zardi, 2010). In mountainous
terrains, after sunset, the mountain basin is trapping the heavy cold air
down to it and creates a cold-air pool (Clements, Whiteman, & Horel, 2003).
Hampering effect to air convection is also found in coastal cities where sand
dunes are between the urban area and the coastal region (Lenzholzer, 2015).
On a smaller scale, at the place where the urban green park is lower than the
surroundings, the heavy cold air in the park is hard to spread (Lenzholzer, 2015).
In the book ‘Design with microclimate’, cool-air pool effect is mentioned on a
rather smaller scale. In the courtyard with a tree in the middle and surrounded
by walls, the cool-air pool is also created because cool air with high-density
can not go above the wall, even though the wall is only three-metre tall (Brown,
2010). Similarly to these examples, the dike between cities and adjacent
floodplains plays the same role as the sand dune in the coastal city.

Generally, at the place where the open green area is adjacent to the paved
built-up area, the cool breeze is likely to happen. However, the valuable
breeze is vulnerable, because the heavy cold air is moving very slowly just
above the ground level. Therefore, it is easily interrupted or blocked by an
obstacle in any forms. To let the cool breeze come into the city, the area
where cool air originates from and the ventilation direction should be kept
open (Lenzholzer, 2015).

Figure 1.2.1 Mist on the floodplain due to contact of warm and cold air

Figure 1.1.3 A cool breeze
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1.3 Knowledge gap

As mentioned above, the cool air exchange between the urban climatope
and the floodplain is very slow and vulnerable, therefore even trees, shrubs,
houses, and dikes can have the hampering effect on it (Lenzholzer, 2015). In
other words, the dike is restricting natural ventilation from the floodplain in most
of the year, but only functioning as flood defence in limited time.

Thermal-driven wind and cool-air pool effect have been studied by many
researches on mountain areas (Clements, Whiteman, & Horel, 2003), coastal
cities, urban parks (Sugawara, et al., 2016) and even courtyards (Brown,
2010), but no literature focused on the influence of dikes or the microclimate
interaction between dikes and floodplains. However, dikes are quite different
from other examples, since they are not as tall as the mountain ridge, nor as
steep as the wall.

Due to climate change, the rising of sea level and the increasing amount of
heavy rainfalls are challenging the traditional flood protection system. And
longer and more extreme heat waves will hit urban areas harder by creating
heat stress and deteriorating the quality of outdoor spaces. On the other
hand, the population and property within the dike ring are determining the
optimal height of the dike, according to the cost-benefit analysis of flood
defence measures. It means that the denser and more crowded city should
be protected by the dike of a higher safety norm (Eijgenraam, 2006). The fact
that denser cities are protected by higher dikes leads to the downward spiral,
which makes urban heat problems worse, because the higher dike minimize
the opportunity of ventilation from the adjacent floodplain when the denser
city cause stronger urban heat island effect.

So far, no research has quantitatively focused on how tall the dike is can
have a significant effect on hampering the cool air exchange. Moreover, the
floodplain is different from an urban park, since it has a larger skyview factor
which is assumed to be better for cooling. Studying the thermal-driven air
interaction and its relationship with three elements: the floodplain, the dike
and the urban area contributes to the knowledge of urban microclimate.
On the other hand, with the concern about climate change and the thought
of designing with nature, the role of the dike has been re-considered in many
studies. It is possible and desirable to have an innovative relation between two
sides of the dike, in order to serve more purposes (Meyer & Hermans, 2009).
Plenty of possibilities of multifunctional uses of the dike have been explored
and discussed in recent researches, but none of them has thought about
combining it with urban climate improving, especially solving or mitigating
urban heat problems. Exploring how the dike could let cool air to penetrate
contributes to the knowledge of mitigation measures of the urban heat
problem. Meanwhile seeking for potential social uses of the new structure
broadens the scope of multifunctional flood defence.

As a result, urban heat problems in public spaces are getting worse in highly
populated cities if no intervention is taken. The traditional dike ring system is
a solution to flood, but it is becoming an obstacle to urban ventilation during
climate change. It is necessary at this moment to explore the possibility that
flood defence and urban ventilation can co-exist and promote each other.

Figure 1.2.2 Cool-air pool effect
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1.4 Research objectives

1.5 Research questions

The objective of this research through design is to make a pioneer attempt to
coexistence and synergy of flood protection and urban climate improving,
which is unlikely to happen in the current practical context due to safety and
economic reasons.

The general research question for this study is:

This study aims to redefine the role of dikes, which is ingrained especially in
Dutch people’s mind, by designing a series of innovative but applicable
multifunctional ‘dikes’ that only belong to the future when all possible
measures are taken to mitigate and adapt to climate change. It is hoped that
my design would help to bring up the awareness that landscape architecture
should be informed by microclimate knowledge.

The general research question will be answered by answering the following
hree sub-research questions:

MRQ: How can new types of river dike provide flood defence, urban
ventilation and social functions?

SRQ1: To what extent does the dike hamper the cool air exchange?
SRQ2: How can the adjustable dike structure optimize the flow of a
cool breeze?
SRQ3: What is the potential of adjustable dike structures to create
places providing social functions?

10

1.6 Research structure
The research structure was divided into two parts: Preparatory steps and
Research through Design (RtD). In the phase of research through design, the
three sub-research questions were supposed to be answered.

provided a clue to select the alternatives that outperform the others in terms
of ventilation efficiency to get into the next design loop.
In the second design loop: structural stability, the four selected alternatives
were further developed into the constructive level by designing their technical
sections based on the topography and the flood defence standard of the
testbed. Some similar existing practices were referred to estimate and improve
the stability, then the most promising structures were selected. So far the
second sub-research question was finally answered.

In the steps of preparation, the important task was to find a suitable site as
the testbed for the later design. To do so the site selection criteria was formed
through literature review and map study. Meanwhile, literature and reference
cases about climate-responsive design and multifunctional flood defence
were studied to establish the theoretical framework and further to develop the
design hypothesis and the assessment criteria. The Research through Design
was carried out through two design loops, followed by the explorative site
design which respectively focuses on (1) microclimate, (2) structural stability
and (3) social functions.

SRQ 3

The third sub-research question (What is the potential of adjustable dike
structures to create places providing social functions?) was answered through
the three parallel landscape design based on the alternative structures that
perform outstandingly in ventilation efficiency and structural stability. In this
exploratory site design, what social multifunctions can be integrated into
the adjustable dike structures according to its relationship with the adjacent
landscape and the neighbourhoods were discussed here. The three welldeveloped site design and the social functions they serve would be the
answer to SRQ 3.

SRQ 1

At the beginning of Design Loop 1: microclimate, the first round of ENVImet simulation was done to the two comparative models, one with the dike
and the other without. The models were been built based on the abstracted
topology of the testbed. The simulation software applied in this step was ENVImet, which is able to simulate the urban climate process three-dimensionally
based on the model that contains geometrical shapes, materials, and
vegetation (Huttner, 2012). The first sub-research question was stepwise
answered here by making comparisons of the simulation outcomes.

A graphic overview (Figure 1.6.1) of the research structure is shown on the next
page. In the flow chart, what methods have been used and which research
question has been addressed are demonstrated.

To further examine the ventilation effect of opening the dike, the second round
of simulation was done to the intermediate situation, which was represented
by the model with partly dike remained. By comparing the second outcomes
with the first round, the first sud-research question (To what extent does the
dike hamper the cool air exchange?) was answered.

SRQ 2

Based on the results of the first round simulation, eight alternatives that
theoretically achieve flexibility to flood defence and urban ventilation were
produced on the concept level. The second sub-research question (How can
the adjustable dike structure optimize the flow of a cool breeze?) was stepwise
discussed. Comparing the second simulation outcomes with the previous
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Figure 1.6.1 The research structure
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2

Theoretical framework
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2.1 Introduction
This thesis was addressed on the interface between flood defence, urban
ventilation, and shared social functions. In this chapter, the background
knowledge of urban ventilation, functions of floodplain and multifunctional
flood defence are elaborated. Based on the theoretical framework, I
developed the design hypothesis.

Figure 2.2.1
Sea/river breeze during the daytime
(Based on Indiana University, 2007)

2.2 Urban ventilation
Figure 2.2.2
Land breeze during the night
(Based on Indiana University, 2007)

UHI mitigation

Mitigating the urban heat island effect is a big challenge in climate-responsive
design (Lenzholzer & Brown, 2013). Reducing the UHI effect in cities with the
heat problem has many benefits, including improving liveability, upgrading the
quality of outdoor space, decreasing energy consumption for artificial cooling,
decreasing biological emissions and reducing the mortality that is relevant to
heatwaves (Erell, Dennis., Williamson & Pearlmutter, 2011).

Figure 2.2.3
Mountain breeze during the daytime
(Based on Rafferty, n.d.)

One of the efficient mitigation measures is to invite wind to come into the
area with heat problems (Lenzholzer, 2015). There are many ways to achieve
urban ventilation based on the topography. The three most common urban
ventilation resources are the sea & river breeze, the valley breeze and the
urban wind between warm and cold climatopes. The river breeze is different
from the sea breeze, but usually, they are not desired because it brings warm
air into the city in the evening and the night (Zhong, Leone, & Takle, 1991).
In the more specific description, it is called the land breeze during the day
and the sea/river breeze in the night. The valley wind system and the thermaldriven wind system are actually very valuable to urban ventilation. In the more
specific description, valley wind is called the mountain breeze during the day
and the valley breeze in the night. In order to facilitate the valley breeze, both
the upper land and the downhill axis should be kept open. For this study, the
thermal-driven breeze between warm and cold climatopes is more relevant.
In order to make use of this type of breeze, the interface between warm and
cold climatopes should be kept open and as long as possible.

Figure 2.2.4
Valley breeze during the night
(Based on Rafferty, n.d.)

Figure 2.2.5
Thermal-driven wind during the daytime

Figure 2.2.6
Thermal-driven wind during the night
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Thermal-driven wind

2.3 The role of the floodplains

The local urban wind between climatopes is also called the intra-urban
thermal breeze, and the IUTB in short. It is a weak thermal-driven flow on the
surface caused by the rising of warm air on the urban climatope, so that cold
air from surroundings gets sucked in. It appears in the calm, clear sky summer
night when UHI effect is strong. The cool airflow is around 0.3m/s to 0.5m/s (Erell,
Dennis., Williamson & Pearlmutter, 2011). The calm night refers to the night
without regional scale wind above 1.5m/s. The cooling effect of the breeze
from green space has been discussed in many researches over the world. The
outcomes strongly depend on the landscape and the climatological context,
because the IUTB is a complex phenomenon including the exchange of heat
between different pressure zones in different scales (Krautheim, Pasel, Pfeiffer,
& Schultz-Granberg, 2014). For example, the research in Singapore indicates
the cooling range will not excess 400m from the border when the green area
excess 400m diameter (Yu & Hien, 2006). However, another study in Tokyo finds
that averagely 200m from the park boundary is the maximum cooling range
in the calm summer night, and the cooling effect is 39W/m (Sugawara, et al.,
2016). Besides, 250m away from the park border has been mentioned as the
average (Erell, Dennis., Williamson & Pearlmutter, 2011).

Flood control

In Dutch, the floodplain is called ‘uiterwaard’, which means outer land (Pleijster,
et al., 2014). At many places along the main river system in the Netherlands,
two dike lines can be found. The lower one, which is closer to the permanent
water, is called the summer dike, and the taller and more inland one is called
the winter dike. When the winter dike operates, the floodplain is functioning
as a part of the riverbed to improve flow capacity and spare flood (Pleijster,
et al., 2014). Due to their location, summer dikes are not considered to be a
threat to the cool air exchange.
The wide floodplain has many benefits. It increases flood conveyance
capacity, which helps to river discharge. Also, it has been proven that the
floodplain is able to decrease the damage of flood and reduce the chance

In order to make use of the temperature difference between climatopes, the
airflow pattern needs to be studied for the specific site and across time. This
metrology effect has many names: the IUTB, the thermal-driven breeze, the
green landscape/park breeze, the urban wind, the cold airflow and etc. In this
research, I unified to call it the ‘Cool Breeze’.
As mentioned above, the cool breeze is slow and vulnerable. The frictional
obstruction of ground to the cool breeze is small when the terrain is flat and
smooth. But, any topologies, buildings and vegetation can obstruct the ground
flow (Erell, Dennis., Williamson & Pearlmutter, 2011) That is why ‘the area where
cool air originates from and the ventilation direction should be kept open’
(Lenzholzer, 2015).

Figure 2.2.7 The ventilation channel should be kept open (Lenzholzer, 2015)

Figure 2.3.1 The floodplain of Wageningen ("Tichelgaten in de Wageningse uiterwaarden - Wiki Wageningen", 2020)
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Cool climatope

of dike failure. Moreover, widening river bed might lower the future flood level.
This hasn’t been proved by practice, but possibly more floodplains will make
the river system more robust (Klijn, Asselman, & Wagenaar, 2018).

The topography of floodplains is normally flat with very limited hard paving,
a small number of willow trees, reeds, creeks and sometimes farmhouses.
Due to its openness, solar radiation partly reflects back to sky during the day,
and longwave radiation can easily emit to the air without obstructing during
the night. Besides, evaporation of plants and transpiration on the open soil
also contribute to the dropping in air temperature. Together they are the
reasons why floodplains cool down very fast after stopping receiving solar
radiation (Lenzholzer, 2015). Therefore, the floodplain is considered to belong
to the green and open landscape climatope. Amongst the eleven types of
climatopes, the open landscape climatope is called the ‘cool air producer’
(Lenzholzer, 2015).

By 2018, the Dutch Room for the River project has been accomplished. The
nine different approaches of making room for the rivers have been applied
in more than thirty locations along the river Rhine, Waal, Maas and Ijssel:
lowering the floodplain, deepening the summer bed, water-retaining, dike
relocation, lowering perpendicular groynes or building attracting groynes,
highwater channel, depoldering, removing obstacles, and strengthening dike
("Ruimte voor de Rivier", 2019). The completion of Room for River project implies
the role of floodplains has been given more attention in the field of water
management. It is believed that more preserved floodplains will be seen in the
future. From the urban climate perspective, the function of those floodplains
near the urban area is not only flood control, but also cool air production.

Figure 2.3.2 The typical cross-section of a floodplain (Douben, Silva, Klopstra, & Kok, 2007)

Figure 2.3.3 The climatope map of Nijmegen (Lenzholzer & Brown, 2013)
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2.4 Multifunctional flood defence
Multifunctional flood defence is a combination of flood defence and other
functions, such as transport, agriculture, recreation, residential, eco-service
and renewable energy, on limited spaces (Kok, 2017). The combining becomes
necessary not only because of climate change, but also the rising residential
and economical demands within the dike ring where densely built-up areas
are already squeezing the public space. One of the benefits of multifunctional
flood defence is their economic value. Some of the multifunction might bring
income which helps to finance the construction and maintenance of the
defence structure (Kok, 2017). For example, integrating the parking garage,
retail and other activity spaces are profitable. In brief, multifunction has many
benefits, but combining functions is challenging each one of them, especially
the primary function (Kothuis, & Kok, 2017). Importantly, the integration of any
multifunctions should be based on the guarantee of flood defence (Vrijling,
2017).

Flood defence on the basic level is to make a barrier of a certain height
("NYC: The BIG U | Rebuild By Design", 2014). To be elaborative, flood defence
needs to have the capabilities from three aspects: (1) retaining water, (2)
transferring the load to the earth, and (3) resisting the transferred load. In order
to retain water, the structure needs to prevent overflow by providing enough
height and a solid support and enough width to prevent the flow under and
around the defence. To transfer the load to the ground, the structure needs
to provide stability, strength and stiffness. Basically, the three capabilities are
fulfilled by the seven types of structural elements: (1) water-retaining elements,
(2) erosion-proof elements, (3) supporting elements, (4) subsoil, (5) objects, (6)
transitions and (7) wave-damping elements (van Veelen, Voorendt, & van der
Zwet, 2015).
The water-retaining element is usually a clay layer covering the sand core of
the dike, or a defence wall in any forms. The erosion-proof element is a solid
layer of bricks or concrete blocks on top of the clay layer to prevent erosion
from waves. But it is not indispensable for every case. For large sea dikes, socalled ‘dolosse’ and ‘tetrapods’ are placed on the outer slope. In addition,
grass on the slope and the asphalt road on the dike crest are also functioning
as erosion-proof elements. The sand core and the subsoil are the third and
the fourth structural elements. The fifth elements (objects) could be utilities,
houses or any other integrated structures for multifunctions, but objects are
not essential for the dike structure. The transition is the material that connects
two elements, such as the curbstone between the asphalt road and the
grass-covered slope. For the last, a part of the outer slope that is less steep is
the wave-damping element. It aims to defuse the pressure on the dike body
(Kothuis, & Kok, 2017).

Flood defence

Dutch people have a long history of competing with water. Various flood
defence measures have been developed (Ven, 2004). Dutch dikes can be
generally divided into the four categories: the sea dike, the upriver dike, the
lower river dike, and the polder dike, which consists of 43 essentially different
types. The height of them ranges from around 10m (the sea dike) to less than
1m (the summer dike/sleeper dike). The height of river dikes depends on the
rate of river flow, and in some part of the river Waal and Rhine, it can reach
approximate 5m (Pleijster, et al., 2014).

Figure 2.4.1 Flood defence structural elements. (Voorendt, 2017)
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Integration level of multifunctional flood defence

Possible failure mechanism of multifunctional flood defence

The integrity of multifunctional flood defence can be described into the
three levels: (1) spatial integration, (2) structural integration and (3) functional
integration (Veelen, Voorendt, & Zwet, 2015). Aside from the three levels of
integration, the shared-use of a dike without any intervention on the structure
is also common, such as grazing on the dike slope and recreation on the lawn.
At the level of spatial integration, the structure for the secondary function is
not part of the defence structure. Examples can be found frequently in the
densely urbanized delta area. At the second level, the additional structure is
part of the defence structure but not directly retaining water. To be regarded
as functional integration, the multifunctional structure itself needs to be the
water-retaining element at the same time (Veelen, Voorendt, & Zwet, 2017).

After identifying the crucial elements of a successful flood defence structure
and understanding in what ways the multifunction could be integrated,
the nine potential failure mechanisms of multifunctional flood defence are
gathered in this section. They are (1) erosion between the multifunctional
element and the foundation, (2) leaking in between elements, (3) vibrations
from objects that weaken the defence structure, (4) piping, (5) instability of
the object, (6) insufficient strength of the object, (7) non-closure of gates, (8)
overflow or overtopping of gates and (9) falling objects (Voorendt, 2017). It is
worth to mention again any multifunctions should be based on the guarantee
of flood defence function. Therefore, the above failure mechanisms should be
carefully prevented in the later design.

As the instruction to my alternative dike design, the ventilation purpose can
only be achieved on the level of functional integration because the structure
itself needs to be adjustable. Meanwhile, other social functions could be
addressed on the level of structural integration and spatial integration, or just a
shared-use of the defence structure.

Figure 2.4.2 The level of multifunctionality and integration of multifunctional flood defence (Veelen, Voorendt, & Zwet, 2017)
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Figure 2.4.3 The overview of possible multifunctional flood defence failure mechanisms (Voorendt, 2017)

Practice of multifunctional flood defence

The multifunctional flood defence has been explored in many study and
practice. The most successful and widely applied example of multifunctional
flood defence is the road on the dike crest. The traffic activity has no negative
influence on the defence function, or the other way around. Moreover, the
dike and the road are not only co-existing but also synergetic to each other,
because the asphalt surface of the road sometimes functions as the erosion
proof element to the overtopping wave (Kok, 2017).
The projects, such as the multifunctional sea dike at Katwijk aan Zee and the
Dakpark at Rotterdam are also successful. The multifunctional sea dike at
Katwijk aan Zee perfectly integrates the defence element and the parking
garage into the sand dune landscape, which achieves multifunctionality
at the same time creates the unique landscape experience. The Dakpark
integrates the interest of different stakeholders by making multifunctional flood
defence on the limited space (Raaphorst, 2017).

Figure 2.4.4 A dike road

In this research, urban ventilation was seen as the prioritized multifunction.
According to the current understanding of cool air exchange between the
floodplain and the urban area, ventilation can only be accomplished by
operating on the level of functional integration. Next to that, the shared traffic
function should be preserved in my design in order to make the alternatives
generically applicable to replace the existing dike. Other social functions
are better to be addressed on the integration level of shared-use and spatial
integration in order to have less impact on the flood defence function. On
top of those, the possible failure mechanisms of multifunctional flood defence
should be avoided in the future design.

Figure 2.4.5
The multifunctional sea dike, Katwijk aan Zee
("Katwijk aan Zee", 2015)

Figure 2.4.6
The Dakpark, Rotterdam
("Dakpark Rotterdam - Buro Sant en Co", 2020)
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2.5 Conclusion from theory and design hypothesis
As elaborated in the preceding parts of the theoretical framework, this is an
interdisciplinary study between flood defence and urban ventilation. From the
perspective of climate responsive design, the climatic problem and resource
should be analysed on the time-based dimension. On the year-round scale,
the asynchronism of flood and heatwave has been identified. The seasonally
different demand for the dike ensure the possibility of designing an adjustable
flood defence alternative.

The daily weather information from 1956 until today collected from over 400
weather stations can be downloaded from the KNMI website. By overlapping
the three groups of crucial weather data: (1) the daily mean temperature,
(2) the water level, and (3) the daily precipitation on a year-round timeline,
the general pattern was found (Figure 2.5.1). Extreme weather, such as heavy
storms and floods, is likely to happen in the period from autumn to spring (from
October to March). In this period, the defence function is required, but urban

Figure 2.5.1 Seasonal demands indicated by overlapping the weather data (Based on "KNMI - Daggegevens van het weer in Nederland", 2020)
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ventilation is definitely not demanded. Conversely, in the summer (from June
to August), ventilation is expected when the heatwave appears, but very little
heavy rainfalls happen.
The asynchronism of demand makes the seasonal adjustable flood defence
structure possible, which further leads to the design hypothesis: Layered use
of the flood defence space. The function on the basic layer is flood protection
that should be guaranteed in any alternatives. The flood defence function
has the impact on the regional scale. Above that, urban ventilation is on the
second layer which has the impact on the city scale.
On top of flood defence and urban ventilation, the new structure might
provide a possibility for other multifunctions on the third layer of spatial usage.
Generally, the function on each layer is related to one of the sub-research
questions. By demonstrating the design hypothesis, the research questions
would be answered.

Figure 2.5.2 The design hypothesis of layered use of the flood defence space
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3

Test bed identification
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3.1 Introduction

3.2 Selection criteria

According to the theoretical framework, the airflow pattern and the cooling
effect of green & open space are strongly related to the topography, the
microclimate context and the neighbourhood fabric (Erell, Dennis., Williamson
& Pearlmutter, 2011). Therefore, in order to answer the SRQ1, the cool breeze
and other relevant microclimate process were studied site-specifically by
running the ENVI-met simulations for the testbed.

The testbed selection criteria were developed based on the current
understanding of a cool breeze. Basically, the testbed needs to have the three
crucial factors: (1) the ‘resource’ -- the floodplain, (2) the ‘problem’ -- the dike,
and (3) the ‘demand’ -- the residential area with heat problems.
Firstly, The cool breeze only appears when the urban heat island effect is strong
(Erell, Dennis., Williamson & Pearlmutter, 2011). So, sites with the strong UHI
and heat problems are more suitable to be the testbed. Secondly, the wider
floodplain with a big sky view factor is likely to produce more cool air during
the night. Besides, the cooling range of an open green space varies from 200m
(Sugawara, et al., 2016) to 400m (Yu & Hien, 2006). And a bigger temperature
difference is likely to provoke a stronger cool breeze. So the sites where the
floodplain is close to heat problems are prefered. After that, the testbed
should be a place where the terrain is flat, because if the green area is in a low
position, the cold heavy air is hard to get out, which restricts its cooling effect
(Lenzholzer, 2015). In the end, because the cool breeze usually happens in
the night, it is unwise to target the land-use of commerce, offices, warehouses
or industry in which very few people stay during the night. Therefore, the site
where residential areas are behind the dike is more meaningful in this research.

After that, in order to answer SRQ2, the existing heat problems and the flood
protection standard of the testbed were important for further evaluation
of the ventilation efficiency and the structural stability of the flood defence
alternatives.
In the end, the testbed would be used in the site design phase to test the
applicability of the new adjustable flood defence structures. Moreover, the
preferred shared social function is depending on the demography of the
nearby communities (Anvarifar, Zevenbergen, Thissen, & Islam, 2016). The
alternative design should not be done without the context. In a word, the
testbed was necessary for both Design Loop 1, 2 and the explorative site
design. This chapter elaborates how the testbed was selected.

Hence, the criteria was formulated:
1. Urban heat problems
2. A floodplain
3. A tall dike
4. The floodplain is close to heat problems
5. A flat terrain
6. Cooling demand
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3.3 Potential sites in the Netherlands
The first step was to identify as many as possible potential sites in the
Netherlands. The urban heat map (Figure 3.3.1) indicates which cities have the
strongest UHI effect and what are the temperature patterns in those cities. As
the urban heat map indicates, obviously those big cities, such as Rotterdam,
Amsterdam and Den Haag have the stronger UHI effect. Specifically, in the
city of Rotterdam, the UHI intensity can be up to 10℃. Even the suburbias of
Rotterdam are about 2℃ warmer than the adjacent arable fields and the
nature areas (Klok, et al., 2014). The dike map (Figure 3.3.3) and the topology
map together indicate where and how tall the dikes are. 22,500 km of dikes

Figure 3.3.1 The urban heat map of the Netherlands
("Climate Impact Atlas - Klimaateffectatlas", 2020)

locate at the coastline and on two sides of the Rhine, Maas, Waal and Ijssel
river, excluding the part nearby the Veluwe region where the terrain is higher
on the northside of the Rhine, and some parts along the Maas in the relatively
‘montanic’ region. In the end, the national water system map (Figure 3.3.2)
shows where the floodplains are. As a byproduct of the site selection activity,
the prospect of conducting seasonally adjustable flood defence in the Dutch
context is predictable. By overlapping these three maps, 32 potential sites in
the Netherlands were identified.

Figure 3.3.2 The national water system map of the Netherlands
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Figure 3.3.3 The dike map of the Netherlands (Pleijster, et al., 2014)

Figure 3.3.4 Overview of potential sites in the Netherlands
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Figure 3.3.5 Overview of sections of potential sites’ temperature gradient and topography (Based on "Climate Impact Atlas - Klimaateffectatlas", 2020)
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The second step is to choose the most suitable site amongst them. I
overlapped the temperature gradient and the urban topography of each
potential site. The site that has the steepest temperature rise, and where the
urban heat problem is the closest to the floodplain, is likely to provoke the
strongest cool breeze, which makes it suitable to be the testbed. According
to the analysis, the IJsseldijk and nearby neighbourhoods were considered to
be suitable. On that site, from the dike towards the neighbourhoods, the air
temperature rises 1℃ on the distance of 180m. The terrain on two sides of the
dike is not completely equal, but higher on the side of the floodplain and lower
on the inner side, which should not be problematic to the breeze.

Figure 3.3.6 Information of potential testbed regarding the selection criteria
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3.4 Case
Description

The neighbourhood Kralingseveer protected by Ijsseldijk is adjacent to an
unused floodplain of 160m on the south-north and 700m on the east-west.
Amongst all potential sites, Kralingseveer has the most serious heat problems
and the most intense temperature increase from the floodplain. Next to that,
the dike is extremely tall amongst river dikes. It is 6.5m to the inner ground
and 5m to the outer floodplain, which means the floodplain is a bit higher
than the neighbourhoods. This terrain can be seen as an advantage to future
ventilation. According to the site selection criteria, the area including the
floodplain, Ijsseldijk, Kralingseveer and the adjacent neighbourhoods was
selected to be the testbed.
Kralingseveer was annexed by Rotterdam in 1941 and is now a small
neighbourhood in the Prince Alexander district in the east of the municipality
of Rotterdam. To be specific, the neighbourhood of Kralingseveer is a typical
Dutch neighbourhood built after WWII, from 1945 to 1960. The name implies it
was the ferry from Kralingen to IJsselmonde. The old community was built on
Schielands Hoge Zeedijk, which almost broke through during the flood of 1953.
In 1955, those old village houses were demolished for the dike reinforcement.
Most of the houses we see nowaday were built after that. Kralingseveer is
a densely residential neighbourhood with 1655 dwellers ("Geschiedenis –
Laankerk.nl", 2017).

Figure 3.4.1 The satellite image of testbed and the theoretical cooling range

The site is on the border of three municipalities (Figure 3.4.5): (1) Rotterdam
Municipality, (2) Capelle aan den IJssel Municipality and (3) Krimpen aan den
IJssel Municipality. The floodplain is divided into two parts by the municipality
borders. The closest neighbourhood to the floodplain is Kralingseveer,
and it is located in the Rotterdam municipality, but the rest of adjacent
neighbourhoods belong to the municipality of Capelle aan den IJssel. Only the
river is in the border of Krimpen aan den IJssel municipality.
Figure 3.4.2 Kralingseveer in 1918 ("Geschiedenis – Laankerk.nl", 2017)

Figure 3.4.3 The section of Kralingseveer’s temperature gradient and topography
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Site analysis

The information, including the location of the original dike, vegetations that
may influence the ventilation, the status of the floodplain and other green
spaces, the heat stress areas, the current road system and the land-use within
the dike were gathered and visualized. This information helped me to make
the decision of where the most efficient and feasible openings are.
Firstly, the crest of IJsseldijk has been used as a double-lane car road with
heavy traffic. Cars can get off the dike from the two exits towards the
neighbourhoods. The road network should be kept intact in the future design.
Along the car road, the cycle path is located on halfway up to the inner slope
of IJsseldijk. The current trees are rather isolated, which doesn’t formulate
obstacles between the floodplain and those neighbourhoods.

Figure 3.4.4 Overview of the site analysis: location of Ijsseldijk, vegetation, floodplain status, heat stress, existing road system, landuse, cooling range, and proposed location to be open in the dike
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Figure 3.4.5 Tri-border-area between Rotterdam Municipality, Capelle aan den IJssel Municipality and
Krimpen aan den IJssel Municipality ("Zuid-Holland (Province, Netherlands) - Population Statistics, Charts,
Map and Location", 2020)

Secondly, according to the predicted urban heat map from the ‘klimaat
effect atlas’ website, the heat problems are more intense in the inland blocks.
The strongest temperature increase appears in the neighbourhood near the
Chopinstraat on the north side. Generally, the air temperature increases at
the places where building density is high, such as those row houses near the
west exit from the dike road, those high-rise apartments and the big-roof
warehouses in the middle, and the streets near the east exit from the dike
road. If the dike is replaced by an openable structure, these areas are most
likely to benefit from the ventilation.

Figure 3.4.6
Demographic information of Capelle aan den IJssel
Municipality ("Capelle aan den IJssel (Municipality,
Zuid-Holland, Netherlands) - Population Statistics,
Charts, Map and Location", 2020)

According to the land-use within the dike, those houses on the west side are
all residential. And the first row of buildings on the east side is a mixing zone
of warehouses, offices and retails. The residential area on the west side and
behind the mixing zone should be the ventilation targets, because those are
the places where people stay in the evening and overnight.
Besides, two more open green spaces are located between the residential
zone on the west side and the mixing zone on the east side. In the future
design, the ideal breach in the dike should face these open areas in order to
have a longer ventilation channel.
Due to the unique location of the testbed, the demographic information
about the target neighbourhoods is hard to be acquired. The demographic
information of Capelle aan den IJssel Municipality was the main focus,
complementing with the information of Rotterdam municipality, because most
of the neighbourhoods are located in the Capelle aan den IJssel Municipality.
Krimpen aan den IJssel was not paid attention to, since no property but water
is there.

Figure 3.4.7
Demography information of Rotterdam municipality
("Rotterdam (Municipality, Zuid-Holland, Netherlands) Population Statistics, Charts, Map and Location", 2020)

50-59 and 60-69 are two of the biggest age groups in Capelle aan den
IJssel. The population of elderly people is 5% more than Rotterdam. Elderly
people are one of the most sensitive group to heat stress. The demographic
composition of the neighbourhoods, combining with the living condition: 60s
houses without air-conditioner, makes the community vulnerable to climate
change (Albers, et al., 2015). In conclusion, these neighbourhoods need
cooling interventions more than elsewhere. Apart from the microclimate and
thermal comfort, other social functions for the elderly people should also be
considered in the explorative site design.
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Figure 3.4.8 Ljsseldijk, view from the floodplain

Figure 3.4.12 The neighbourhoods

Figure 3.4.9 The weedy floodplain

Figure 3.4.13 The neighbourhoods, view from the dike top

Figure 3.4.10 The car road on the dike

Figure 3.4.11 The bike path on the dike slope

33

4

Research through design
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4.1 ENVI-met simulation
4.1.1 Method
ENVI-met 4 was the microclimate simulation software I used to quantify
and visualize the warm-cool air interaction between the floodplain and the
neighbourhoods, in order to assess the cooling effect of thermal-driven winds
and test to what extent the cool air is hampered by the dike. The simulation
results would further help to evaluate the ventilation performance of the
designed adjustable flood defence structures.
The simulation was done to the three comparative models with only one
independent variable, which was the presence of the dike. The model with
the original dike represented the current situation that no intervention from
the urban climate aspect has been taken. And the model without the dike
represented the ideal situation that the dike is completely open for urban
ventilation. The last model with part of the dike remained represented the
designed structures that are open to some extents, but not completely. The
model with part of the dike was a supplemental case to study the relationship
between openness and ventilation efficiency.
The first step to start the ENVI-met simulation was defining a working space on
the computer. Secondly, the sub-program called SPACES was used to build
the digital models as the input for the simulation. The digital model includes
buildings, vegetation, soil cover and other environmental conditions that
matter to the microclimate process. After the model has been built, using
ConfigWizard to define the simulation context, including the timespan, the
original weather condition, the location, the orientation, and etc was the last
step before running the simulation. Eventually, when everything was prepared,
it was time to run the ENVI-met simulation. Three versions of simulation space
are there for choosing: (1) 100*100*40, (2) 180*180*35 and (3) 250*250*30.
In order to make a successful simulation, it is important to ensure that the
simulation space is bigger than the model area. If the model size is similar to
the simulation space, results will be invalid on the edge, therefore it is better
to choose a big simulation space. However, to run a simulation in the bigger
version of space is correspondingly taking more time.

Figure 4.1.1
The simulation area

The outcomes of the simulation were a big bunch of data, including air
temperature, wind speed and direction, vector speed, air pressure, surface

Figure 4.1.2
2D view of the model with the dike
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Figure 4.1.3
Figure 4.1.4
2D view of the model with partly the dike 2D view of the model without the dike

temperature, Tmrt, PMV, and etc. In the end, LEONARDO 2014 was used to
visualize these data ("Learning & Support - ENVI-met", 2020).

Modelling

Previous research indicates that the cooling distance of a green area ranges
from 200m to 400m nearby (Yu & Hien, 2006). Therefore, my modelling area
was decided to be around 400m on the south-north direction from the existing
dike towards the neighbourhoods, and approximate 300m on the east-west
direction, which is the floodplain excluding the current shipyard.
Figure 4.1.5
3D view of the model with the dike

It should be mentioned that the unit in the model is the grid, instead of metre
or other physical lengths. The size of one grid or the so-called grid resolution
in SPACES can be chosen from 0.5m to 10m. In order to fit the model into the
ENVI-met version of 100*100*40 grids, and considering the size of the street
canyon and the dike, the resolution of x-grid and y-grid were decided to be
5m. The size of the model input was therefore 70 grids*90 grids*30 grids, which
represents the model area of 450m*350m. For the z-grid, the height of the
modelling space has to be at least four times of the tallest object in the model
in order to acquire valid simulation outcomes. The tallest building in the model
area is a community church called Laankerk (also called Hersteld Hervormde),
which is approximately 15m tall. Thus the resolution of z-grid was decided to be
2m. So that the total height of the modelling space was 60m, which is exactly
four times of the tallest building. In the end, in order to make a valid simulation,
at least one grid, which is 5m in this case, should be left empty.

Figure 4.1.6
3D view of the model with partly the dike

Figure 4.1.7
3D view of the model without the dike
Figure 4.1.8 The Laankerk ("Geschiedenis – Laankerk.nl", 2017)
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4.1.2 Simulation setting
As elaborated in the method, the sub-program called ConfigWizard was used
to define the simulation setting including the date, the time span, the initial
air temperature, the wind direction & speed and location. The warmest day
(26th July) in 2018 appeared in the longest heatwave in decades. So the 26th
July was chosen to be the date for the simulation, because, both the cooling
demand and the thermal-driven wind on that day were theoretically the
strongest in the year.
The floodplain and the neighbourhoods experience the process from receiving
solar radiation once the sun rises to losing heat until the dawn, which is a
cyclical day. A cyclical day was considered to be the shortest time span that
can successfully simulate this microclimate process. For that reason, 24 hours
from 6 am 26th to 6 am 27th was loaded in the simulation. For the initial air
temperature at 6am, I used the recorded data from the weather station in
Rotterdam city, which was 20 ℃.
The cool breeze occurs significantly during a calm summer night which refers to
the night without regional-scale wind above 1.5m/s (Erell, Dennis., Williamson &
Pearlmutter, 2011). In order to create a simulation context that the cool breeze
can be identified as clear as possible, the lowest setting of wind speed(0.1m/s)
was chosen.
Date: 26th July 2018 (The warmest day in 2018)
Timespan: 24 hours, from 6:00 26th July to 6:00 27th July 2018
Initial air temperature at 6:00 26th: 20 ℃
Wind direction: 230 South-west
Wind speed: 0.1m/s
Locations: Rotterdam

Figure 4.1.9 The heatwave records from 1911 to 2019 ("KNMI - Hittegolven", 2020)
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4.1.3 Result

8:00 26th July 2018

Since the simulation has only started for two hours, the difference in air
temperature between the neighbourhoods and the floodplain in the three
models are barely visible. The temperature patterns are almost the same,
and no thermal-driven air movement or hampering effect can be seen at this
moment.

In this section, I give an overview of the modelling results. The table of crucial
data is shown below, including the legend, the temperature difference
between the floodplain and the neighbourhoods in the three models at each
picked time point.

10:00 26th July 2018

The purpose here was to compare the air temperature and the airflow patterns
between three models throughout 24 hours. To do that, the simulated data of
13 points in time were visualized: (1) 6:00 26th, (2) 8:00 26th, (3) 10:00 26th, (4)
12:00 26th, (5) 14:00 26th, (6) 16:00 26th, (7) 18:00 26th, (8) 20:00 26th, (9) 22th
26th, (10) 24:00 (midnight) 26th, (11) 2:00 27th, (12) 4:00 27th, and (13) 5:00 27th.
These results were taken for every two hours, except for the last group that is
from 4 am to 5 am on the 27th of July. The complete simulated results can be
found in Appendix 1.

Two hours later, when the sun goes higher, the air temperature rises on both
sides of the dike. The temperature differences between the floodplain and
the neighbourhoods are still below 2℃ (1.28℃, 1.34℃, 1.78℃). However, the
temperature difference in the model without the dike is bigger than the others.
Another unexpected finding is that the air temperature on the floodplain is
always higher than the neighbourhoods since the simulation starts. I believe
that is caused by the shading of houses in the neighbourhoods.

12:00 26th July 2018

The air temperature on the floodplain is still approximately 1.7℃ higher than
the neighbourhoods at 12 o'clock. Moreover, in the model with the dike, the
coolest area in the neighbourhoods is a bit bigger than the model with part
of the dike and without the dike, which indicates that the dike is already
interfering the air exchange.

14:00 to 16:00 26th July 2018

In the two hours from 14:00 to 16:00, the highest temperature of the day
appears. According to the temperature disparity, the cool breeze from the
floodplain towards the neighbourhoods is not happening yet, at least not as
expected. However, the temperature difference between the floodplain and
the neighbourhoods in the model without the dike becomes the smallest, while
it was the biggest in the morning.

18:00 to 20:00 26th July 2018

Even though the sunset would happen at 21:41, which is almost two hours
after this point in time, the area doesn’t receive the solar radiation as much
as before in the period from 18:00 to 20:00. The two groups of simulated results
(Figure 4.1.14, Figure 4.1.15, Figure 4.1.16, Figure 4.1.17, Figure 4.1.18 and Figure
4.1.19) indicate a consequence of that, which is the reversing of temperature

Figure 4.1.10 Overview of the simulation results: the temperature range, the temperature contrast between floodplain
& neighbourhood, and the legend at each picked time
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distributing. The air temperature on the floodplain drops faster than the
neighbourhoods due to its openness and green cover.

means the bigger cooling range. It is believed that is caused by more efficient
ventilation. On the other hand, in the model with the original dike, the warm
zone reaches the inner bottom of the dike, and the neighbourhoods receive
no cooling effect from the land outside the dike.

22:00 26th July 2018

After the sunset, the air temperature difference becomes more extreme,
because of the absence of shortwave radiation. As indicated in Figure 4.1.22,
the relatively warm area in the model without the dike is smaller than the
model with part of the dike (Figure 4.1.21) and the model with the original
dike (Figure 4.1.20). Specifically, in the model without the dike, the two blocks
near the dike are in the zone where the air temperature is 0.5℃ lower than
the same zone in the model of the current situation. Moreover, in the model
without the dike, even the cool area on the floodplain is bigger than the
model with the dike.
On the floodplain, the heat emits to the air without obstacles. Conversely in
the neighbourhoods, the longwave radiation is trapped in the street canyons,
which makes the UHI effect stronger after sunset, and the cool breeze more
demanded in the evening and during the night. Later in the night, the
hampering effect caused by the dike would be more significant.

Midnight

As indicated in Figure 4.1.23, Figure 4.1.24 and Figure 4.1.25, the air temperature
difference between the neighbourhoods and the floodplain continues getting
bigger in both the three models. At the same time, the relatively cooler area in
the model without and with part of the dike is becoming bigger than the other,
which implies the hampering effect is happening to the cool air exchange
more significantly.

Figure 4.1.11 Temperature profile in℃ in the model with the dike at 4:00, 27th, 2018

2:00 27th July 2018

The temperature patterns in the three models remain stable after the midnight,
but the temperature difference continues getting bigger and reaches almost
4℃ around 2 am.

Figure 4.1.12 Temperature profile in℃ in the model with part of the dike at 4:00, 27th, 2018

4:00 to 5:00 27th July 2018

The temperature difference between the two topographies reaches its peak
(around 4.5℃) before the dawn. In the Figure 4.1.26, Figure 4.1.27 and Figure
4.1.28, the patterns are clearly showing that the cool area expands into the
neighbourhoods in the model without a dike and with part of a dike, which

Figure 4.1.13 Temperature profile in℃ in the model without the dike at 4:00, 27th, 2018
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Figure 4.1.14
Temperature pattern in ℃ in the model with
dike at 18:00, 26th, 2018

Figure 4.1.15
Temperature pattern in℃ in the model with
partly dike at 1.8m, at 18:00, 26th, 2018

Figure 4.1.16
Temperature pattern in℃ in the model without
dike at 1.8m, at 18:00, 26th, 2018

Figure 4.1.17
Temperature pattern in ℃ in the model with
dike at 20:00, 26th, 2018

Figure 4.1.18
Temperature pattern in℃ in the model with
partly dike at 1.8m, at 20:00, 26th, 2018

Figure 4.1.19
Temperature pattern in℃ in the model without
dike at 1.8m, at 20:00, 26th, 2018
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Figure 4.1.20
Temperature pattern in ℃ in the model with
dike at 22:00, 26th, 2018

Figure 4.1.21
Temperature pattern in℃ in the model with
partly dike at 1.8m, at 22:00, 26th, 2018

Figure 4.1.22
Temperature pattern in℃ in the model without
dike at 1.8m, at 22:00, 26th, 2018

Figure 4.1.23
Temperature pattern in ℃ in the model with
dike at the midnight, 27th, 2018

Figure 4.1.24
Temperature pattern in℃ in the model with
partly dike at 1.8m, the midnight, 27th, 2018

Figure 4.1.25
Temperature pattern in℃ in the model without
dike at 1.8m, the midnight, 27th, 2018
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Figure 4.1.26
Temperature pattern in ℃ in the model with
dike at 5:00, 27th, 2018

Figure 4.1.27
Temperature pattern in℃ in the model with
partly dike at 1.8m, at 5:00, 27th, 2018

Figure 4.1.28
Temperature pattern in℃ in the model without
dike at 1.8m, at 5:00, 27th, 2018

4.1.4 Summary
Through the microclimate simulation, the SRQ1 has been answered: To
what extent does the dike hamper the cool air exchange? As these results
indicate, the floodplain cools down faster than the neighbourhoods, which
leads to a strong temperature difference up to 4.5℃ in the night. Due to that
temperature difference, the cool breeze is evoked.

is worth to mention the effect was measured in the first 24 hours of simulation,
and is likely to accumulate. This quantitative study gave an instruction about
assessing ventilation efficiency. The more openness in the dike results in more
efficient ventilation.
In addition, the outcomes of the simulation are consistent with the prediction
in previous research that the cool breeze or the so-called intra-urban thermal
breeze (IUTB) appears only at night, not during the daytime (Erell, Dennis.,
Williamson & Pearlmutter, 2011).

Next to that, the comparison between the three models shows the fact that
the dike starts to hamper the cool air exchange around 18:00. The model
without a dike has the strongest cooling effect and the biggest cooling range,
followed by the model with part of a dike remained. And the model with the
original dike receives almost no cooling from the floodplain. To be specific, in
the model without a dike, the cool breeze can decrease the air temperature
on the area of 180m into the neighbourhoods on pedestrian height (1.8m). It
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4.2 Concept designs for ‘synergistic dike’
First of all, the new flood defence structures need to be able to open for cool
air exchange and close for flood protection. In this phase, the design was
meant to be on the concept level. Unlimited and unrestricted solutions were
welcomed in order to collect as many ideas as possible. Eventually, the eight
concept flood defence models were proposed:
The inflatable dike partition
The rotatable dike partition
The windows in the dike
The modular & moveable floodwall
The ‘drawbridge’ dike partition
The rotatable portadam
The sliding floodgate
The gabion dike
Secondly, their performance regarding the efficiency of cool air exchange was
assessed, which later determined the selection for the further development.
According to the conclusion from those ENVI-met simulation, the structures
that provide more openness achieve better ventilation, therefore, the
openness level of the concept models was the selection criteria. In order to
compare their openness, a group of diagrams showing the projection of the
each concept model in the ventilation direction were made. Based on those,
the selection was made in the end of this Design Loop.
Besides ventilation efficiency, other aspects were also taken into consideration
during the production of the eight concept models, including their
applicability, operational convenience, maintenance issues and costs.
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4.2.1 Inflatable dike partition
The rubber barrier technic is well-developed, and has been applied worldwide
to serve different purposes. It is a hollow rubber bladder that can be inflated
and deflated for multiple times (Zhang, Tam, & Zheng, 2002). In order to make
the flood defence structure adjustable, I use it to replace the original dike. On
average, inflation is required once a year to prevent flood. In the Netherlands,
the rubber partition technic has been applied at IJssel delta near Ramspol,
which has protected Overijssel against the water from the Ketelmeer for years.
There are three options for the medium to fill in the rubber bladder: (1) air, (2)
water and (3) a mixture of water and air. The water-medium rubber structures
are used more often when it relates to flood. The water filling in is normally from
the river or a reservoir nearby for water storage, and gets pumped through
underground pipes into the rubber bladder (Zhang, Tam, & Zheng, 2002).

Figure 4.2.2
The projection of inflatable dike partition
in the ventilation direction

Figure 4.2.3
The operational process of Ramspol
Inflatable Dam when deflated
("Flood protection by an inflatable
rubber dam: Balgstuw Ramspol", 2020)

The time for rubber membrane to fully operate depends on its protection
height, mostly within an hour. The inflation process requires no manual
operation but a flood forecast. In addition, hydronic engineers have
mentioned the below structure of a rubber partition is inexpensive to install and
maintain ("Flood protection by an inflatable rubber dam: Balgstuw Ramspol",
2020). Most of the year, the rubber bladder is flat and can be hidden on
the ground when flood defence is not needed. Therefore, this structure is
considered very useful to make an opening in the dike, which is completely
open in the ventilation direction.

Figure 4.2.4
The operational process of Ramspol
Inflatable Dam when inflated
("Flood protection by an inflatable
rubber dam: Balgstuw Ramspol", 2020)

Figure 4.2.5
The rubber dam of the Tempe Town
Lake in Tempe, Arizona ("File:Tempe
Town Lake - West Dams - 2009-09-04.JPG
- Wikimedia Commons", 2009)
Figure 4.2.1 The Inflatable dike partition
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4.2.2 Rotatable dike partition
The idea of this rotatable dike partition was from window shutters. The shutter
is a window frame with a group of rotatable blinds for controlling the amount
of solar radiation entering the room, in order to provide shading or privacy. If
the airflow and water are imagined as sunlight, the ‘shutter’ structure is useful
to achieve the operation of open-close. The gap in the dike can be closed by
rotating those ‘blinds’ to a certain angle, which formulates a water-retaining
element. The height of water-retaining element is adjustable by activating the
certain amount of ‘blinds’. Additionally, by designing the size and the vertical
layout properly of those rotating elements, the structure can be used for other
purposes, such as an auditorium or benches.
The thickness of those water-retaining elements cast shadows on the projection
when they rotate to the horizontal position for ventilation. The cool air can only
penetrate through the gaps between those water-retaining elements. The
‘blinds’ might have an impact on ventilation performance, especially those
on the lower level. Since that, the rotatable dike partition is considered to be
partly open on the ventilation direction.

Figure 4.2.7
The projection of rotatable dike partition in
the ventilation direction

Figure 4.2.8 The window shutter
Figure 4.2.6 The rotatable dike partition
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4.2.3 Windows in the dike
The window in the dike is basically a tunnel cross the dike on the ground level.
Since the cool air always remains on the ground level, they can penetrate the
dike via these ‘windows’. Meanwhile, pedestrians and cyclists can also use the
tunnel to cross the dike, which saves the trouble of crossing the traffic on the
dike crest.
The small breaches in the dike are often for other purposes, mainly traffic.
According to examples, the so-called ‘coupure’ in the dike is usually 6m wide
which is the width of a double-lane road. A group of strips made of wood or
metal are often used to close the ‘coupure’.
In the new design, in order to close the ventilation window efficiently, the width
of them should not be more than the average size of a ‘coupure’ (5m to 6m).
Regarding the scale of dike rings and floodplains, windows are rather tiny,
therefore their cooling effect is limited. For that reason, windows in the dike are
considered to be partly open.

Figure 4.2.11
The projection of windows in the dike in
the ventilation direction

Figure 4.2.12
The pedestrian tunnel in the dike near the
Westpark, Amsterdam

Figure 4.2.13
The bulkheads close the coupure on the
Boterdijk (Hendriks, 2019)
Figure 4.2.10 The windows in the dike
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4.2.4 Modular & moveable floodwall
In the Netherlands, a small ‘coupure’ in the dike for different purposes can be
found frequently. Averagely the opening is limited to the width of a doublelane road (5m to 6m). In most of cases, the moveable flood defence elements
made of either wood, cement or metal have been used to close a ‘coupure’
temporarily. Temporary flood defence elements are stored closeby because a
quick reaction is important.

Figure 4.2.15
The projection of moveable floodwall in
the ventilation direction

For the ventilation purpose, a wider opening in the dike is expected.
Correspondingly, more materials are needed to close the enlarged ventilation
‘coupure’, which leads to the storage problem of a big amount of defence
elements. From the viewpoint of storage, placing the temporary defence
element on the ground was proposed as the solution. When the land is not
threatened by flood, all of the modular and moveable defence elements stay
on the ground, so that the cool air can exchange with the warm just above
them. In the wet season, those modular defence elements are pulled up and
formed into a temporary floodwall. In the dry season, the structure can be
invisible and completely open for ventilation.

Figure 4.2.16
The coupure van Baarlo

Figure 4.2.17
The bulkheads storage (Henkv, 2014)

Figure 4.2.18
The gate in flood defence wall near to
West Bay, Dorset, Great Britain
(Mykura, 2014)

Figure 4.2.19
The floodwall at Zruč nad Sázavou, Czech Republic
("File:Zruč nad Sázavou, Ostrovský potok, u Vlašimské
ulice.jpg - Wikimedia Commons", 2013)

Figure 4.2.14 The moveable flood-wall
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4.2.5 ‘Drawbridge’ dike partition
The ‘drawbridge’ dike partition is a variant hybrid of the window in the dike
and the moveable floodwall. Unlike the dike window, which is closed with a
group of ‘stop-log’ flood defence elements in the middle, I got inspiration from
the drawbridge. Rotatable plates are used to close the hollowing part in the
dike from outside. The rotatable water-retaining element is made of steel, and
connected to a rotating device on the ground level. During the dry season,
the steel plates lie on the ground to let the cool breeze penetrate the dike.
Before flood coming, those steel plates get pulled up by the chain and attach
to the upper part of the dike. The hollowing part in the dike can be enlarged
by placing the ‘drawbridge’ next to each other.
This structure is almost completely open in the ventilation direction, but steel
plates of certain thickness and rotating devices are obstacles on the ground
where high-density cool air is supposed to exchange. For that reason, the
‘drawbridge’ dike partition is considered to be better than ‘partly open’ but
not completely open.

Figure 4.2.21
The projection of ‘drawbridge’ dike
partition in the ventilation direction

Figure 4.2.22
The drawbridge at Threave Castle
("Attacking and defending castles", 2020)
Figure 4.2.20 The ‘drawbridge’ dike partition
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4.2.6 Rotatable portadam
The portadam is a lightweight triangular frame, covering with plastic sheets.
The structure is mostly used to provide temporary water protection for
individual industrial objects, such as bridge piers during constructions.
The new flood defence model was made based on the portadam structure
and the reference flood defence element (Figure 4.2.25). This reference flood
defence element was used to allow changes of the spatial plan over time
in the coastal planning project of Bolivar Peninsula (Bedient, et al., 2015).
However, detail information about this rotatable triangular structure was not
found.
Herein, the dike was replaced by the rotatable portadam for the purpose of
urban ventilation. During most of the year, the structures stand as a group of
shading pavilions which allow the the cool air to flow underneath them. The
pillars, which are also the rotation axis of the water-retaining elements, are
installed on the ground. The pillars will not be obstacles to the cool breeze due
to their limited volumes in the ventilation direction.

Figure 4.2.24
The projection of rotatable portadam in
the ventilation direction

Figure 4.2.25
The temporary flood defence element in
the project of Bolivar Peninsula
(Bedient, et al., 2015)

Figure 4.2.26
The working procedure of Portadam
("Portadam", n.d.)
Figure 4.2.23 The rotatable portadam (Based on Van den Ende, 2015)
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4.2.7 Sliding floodgate
The design of this concept model was inspired by the toy called ‘Jenga’.
Players take turns to remove a woodblock at one time from the tower and
place the block on the top of the tower, trying to keep the structure from
collapse. The horizontal movement of woodblocks creates cavities on the
tower. From there, the sliding flood defence model was formed. A defence
element that can move forward and backward to open and close the cavity
in the dike was the primary idea of the sliding floodgate.
The sliding floodgate consists of a pair of matched water-retaining elements.
Wheels and rails are installed under the sliding elements. In dry season, the pair
of ‘gates’ are slid towards the opposite directions, which leaves a cavity where
the cool air can flow across the dike. By reuniting the two sliding elements, the
floodgate is closed. The sliding floodgate can be placed next to each other, in
order to have more ventilation channels. However, when the sliding floodgate
is open, the ventilation channel is not straight. According to the current ENVImet simulation, it was unable to evaluate if the corner in the ventilation
direction have a negative impact on ventilation efficiency.

Figure 4.2.28
The projection of sliding floodgate in the
ventilation direction

Figure 4.2.27 The sliding flood-gate
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4.2.8 Gabion dike
The term ‘gabion wall’ is describing a metal grid filled with cracked rocks or
cobstones on site. This design enlarged the gabion structure to the height of
a dike. And sandbags are filled into the gabion when flood comes. During dry
seasons, the cool breeze can penetrate the gabion grid when sandbags are
absent.

Figure 4.2.30
The projection of gabion dike in the
ventilation direction

Amongst all kinds of temporary flood protection, the sandbag wall is used very
often as an emergency measure to build the defence line, even though their
stability and strength are almost unpredictable. However, in the gabion dike
model, the sandbag wall will be more organized and robust with the support
from the gabion grid. In addition, the height of the sandbag wall is adjustable
according to the yearly predicted flood amount. Comparing to the other
alternatives, closing the defence line by filling in sandbags requires more time,
which means a more advanced flood forecast is required.
Figure 4.2.31 The gabion wall

Figure 4.2.32 The grid of a gabion wall

Figure 4.2.33 The sandbag wall in practice
Figure 4.2.29 The gabion dike
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4.2.9 Selection of suitable synergetic dike solutions
In the research through design process, until the selection of concept models
that outperform in ventilation efficiency, the design loop about microclimate
has been concluded.
According to the conclusion from the ENVI-met simulation, the openness level
of the concept models was the selection criteria. The projection of the each
concept model in their ventilation direction helped to assess their openness
levels, which were described into the three levels: (1) completely open, (2)
mostly open and (3) partly open. The inflatable dike partition, the modular
& moveable floodwall, the rotatable portadam and the gabion dike were
considered to be on the first level, followed by The ‘drawbridge’ dike partition
which is considered mostly open. The others were assessed to be partly open.
At the end of Design Loop 1, only the models that are completely open in
the ventilation direction would be selected and further developed in the next
design loop. On the other hand, the rest four options remained on the concept
design level as a part of the answer to SRQ2.

Figure 4.2.34 Overview of selection results until the end of DL1
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4.3 Assessing solutions on stability
4.3.1 Introduction
In this chapter, the works of Design Loop 2 are described. I elaborate on how
the four selected concept models were further developed and improved
from the viewpoint of structural stability. The outcome of Design Loop 2 is the
selection of most promising structures that have the most stable flood defence
ability, which would eventually answer SRQ2: How can the adjustable dike
structure optimize the flow of a cool breeze?

materials were discussed. For the purpose of presenting the results efficiently,
the technical section was decided to be the way to deliberate the technical
designs because it doesn’t only expose the hidden bearing structures and the
crucial connections, but also displays the spatial relationship between users
and the structures.

In Design Loop 2, I aimed to refine the adjustable dike structure based on
the concept models to provide sufficient stability and avoid possible failure
mechanisms. Dike failure means water flows across the flood defence,
which can happen in four ways: (1) water flows over, (2) under, (3) through
and (4) around the structure (Voorendt, 2017). Regarding the fact that civil
engineering calculation was unrealistic in this research, the structural stability
was assessed according to the criteria, supplied with reference examples
study. The criteria was established based on the theoretical framework of
multifunctional flood defence. Generally, the design loop of stability was an
iterative process, including assessment and adjustment.
The selection criteria has two parts: the crucial elements and the capabilities
to avoid possible failure mechanisms. The crucial elements are (1) the waterretaining element, (2) the supporting element and (3) the transition to subsoil
(van Veelen, Voorendt, & van der Zwet, 2015). As mentioned in the theoretical
framework, the nine potential failure mechanisms of multifunctional flood
defence should be avoided, so they were used in the criteria: the capability
to avoid (1) erosion between elements and the foundation, (2) leaking in
between elements, (3) vibrations from objects that weaken the defence
structure, (4) piping, (5) instability of the object, (6) insufficient strength of the
object, (7) non-closure of gates, (8) overflow or overtopping of gates and (9)
falling objects (Voorendt, 2017). As far as no additional objects except the
flood defence element and the bridge were placed in this phase, the failure
mechanism 5, 6 and 9 are not a concern, for this reason, they were excluded
from the selection criteria.
On top of the structural stability, not only the form and the size of the structure
were designed aiming to provide a comfortable use at human scale, but also

Figure 4.3.1 Selection criterias
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4.3.2 Technical design of the inflatable dike partition
Figure 4.3.2
The rubber dam on the Los Angeles River
(Barden, 2016)

The inflatable and deflatable rubber bladder have been applied all over
the world to stop water. It is a simple but useful, flexible but robust innovative
hydraulic structure. It has been used for multiple purposes, including irrigation,
tidal surge barriers, hydraulic power generation, environment control and
recreation (Zhang, Tam, & Zheng, 2002), but never for urban climate improving.
A complete inflatable rubber defence structure consists of the four elements: (1)
the rubber membrane, (2) the concrete foundation, (3) the control room with
water/air pumping devices and (4) the piping system (Zhang, Tam, & Zheng,
2002). There are three options for the medium to fill in the rubber membrane: (1)
air, (3) water or (3) a mixture. The air-filled structure requires simpler construction
and is easier to operate, but less stable than the water-filled. Conversely, the
water-filled and mix-filled structure need a more complex piping system and
sometimes a reservoir for water storage to fill in the bladder when the river
water is not sufficient (Zhang, Tam, & Zheng, 2002).

Figure 4.3.3
The Ramspol Inflatable Dam when inflated

The defence height is adjustable by controlling the amount of filling medium.
For the water-filled rubber bladder, the circumference of the rubber
membrane on the profile should be 4.8 times of the defence height (Zhang,
Tam, & Zheng, 2002). This formula helped me to calculate the proper width of
the foundation in my technical design.
In former examples, inflatable rubber bladders were mainly used as dams,
instead of dikes, because the necessity of adjustable dikes has never been
practised. The first rubber dam in history was constructed on the Los Angeles
River in 1950 (Figure 4.3.2). And the well-known project in the Netherlands is
the Ramspol Inflatable Dam (Figure 4.3.3, Figure 4.3.4). In the case of Ramspol
Inflatable Dam, the water filled in the rubber bladder is pumped through the
underground pipe system from the river. The rubber membrane is able to
reach its full height within an hour ("Flood protection by an inflatable rubber
dam: Balgstuw Ramspol", 2020). The difference between a dam and a dike
is their relationship with water. The dam touches water on both sides, but not
always, conversely the dike only engages with water on one side. The rubber
dam receives water pressure from both upstream and downstream, which
might help to stabilize it. The rubber dike would only receive pressure from one
side, therefore extra supports should be considered.

Figure 4.3.4
The Ramspol Inflatable Dam when deflated

Figure 4.3.5
Application of metal grid panel as
pavement ("Pressed grating - OMAF Grigliati Pressati", 2018)

In my technical design, the bridge provides a frame on both the longitudinal
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Figure 4.3.6 Technical sections of the inflatable dike partition in the dry season and during a flood event
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and lateral directions, which is able to restrict and support the rubber
membrane (Jackson III, 1987). According to my calculation, the circumference
of rubber membrane on the profile needs to be 24m in order to let the rubber
bladder reach the bottom of the bridge (5.5m), so that it closes the cavity
under the bridge completely. Correspondingly, the concrete foundation
where the bridge pillars stand needs to be 12m wide, which is wider than the
double-line road on top. Moreover, if pillars connect to the bridge deck on
the edge, the strength of the bridge deck in the middle is weakened (Hambly,
1991). For the reasons above, I integrated a bike path with the double-lane
road on the broadened bridge deck. Moreover, the pillars were set into a
trapezoidal structure, on one hand, to avoid possible conflict with the rubber
bladder, on the other hand, to support the bridge deck from a less edge
position, which enhances the bridge stability.
The inflation is required averagely once per year, the rubber bladder reaches
the bottom of the bridge, which achieves the defence height of 6.5m that
is the original dike height. When flood defence function is not needed, the
rubber membrane is deflated and stored in the concrete foundation. Light
metal grid panels (Figure 4.3.5) are used to cover the deflated rubber bladder.
The metal panels would not touch the rubber membrane but land on the
edges of the concrete foundation.
Regarding the selection criteria, the rubber bladder is the water-retaining
element, and the concrete foundation and the frame formed by the bridge
are the supporting elements. A strong transition to the subsoil has to be
achieved by a good quality construction of the foundation. As for the possible
failure mechanisms, firstly, erosion between the rubber membrane and the
foundation is unlikely to happen, which has been tested by many practice.
However, detrimental vibrations are the main cause of abrasion and tear of
the rubber body. After that, leaking in between elements and non-closure of
gates are not possible as far as the rubber bladder is in one piece. To sum up,
the stability of the inflatable dike partition was confirmed.

Figure 4.3.7 Assessment of the inflatable dike partition according to the selection criteria
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4.3.3 Technical design
of the modular & moveable floodwall
Moveable elements for temporary flood defence have a name called ‘stoplog dike’ (Biggar & Masala, 1998). The most common product on the market
is a group of hollow metal rectangular units that are placed one above
another into a vertical steel frame. This measure has been widely applied in
Europe. The stability of them is considered very high as long as the foundation
is established properly (Biggar & Masala, 1998). The material of the ‘stoplog dike’ is normally aluminium, which is low-weight but expensive. Since the
storage problem is solved by putting defence elements on the ground, which
makes no transportation needed, integrated elements and cheaper but
heavier materials, such as concrete slabs, become feasible.

Figure 4.3.8
The ‘stop-log dike’ (Kent, 2020)

In the technical section, the slabs are pre-made reinforced concrete.
The design consists of the movable slabs (6m*6m*0.2m) and the concrete
foundation that is integrated into the bridge foundation. When the slabs lay
down, they fit into the reserved cavities on the foundation. By doing that, the
surface of concrete slabs is equal to the adjacent ground. In flood seasons,
the slabs are pulled up and placed next to each other to form a 5.5m tall flood
defence wall. In order to provide sufficient supporting to the floodwall, the
slabs are put a half meter down into the reserved groove on the waterside of
the foundation.
Figure 4.3.9
Samples of the concrete slab with metal
edge ("Stelcon bedrijfsterrein producten Stelcon", 2020)

Regarding the selection criteria, the concrete slabs and the foundation are the
water-retaining elements and supporting element respectively. The transition
between the slabs and the foundation is the 0.5m deep groove. Moreover,
In order to prevent leaking in between the slabs and non-closure, those slabs
need to be placed on a straight line and covered with plastic membrane from
outside. After that, piping is avoidable as far as the foundation is constructed
properly and deep enough. However, based on my current knowledge
about hydraulic engineering, it is not predictable if the vibration of the slabs
weaken the whole defence system, therefore this term in the criteria was not
considered to be achieved. Still, the design of modular & moveable floodwall
has met most of the selection criteria, therefore its stability has been confirmed.

Figure 4.3.10
Samples of the concrete slab
("Koop voordelig uw betonplaten bij Totaal
Bestrating!", 2020)
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Figure 4.3.11 Technical sections of the modular & moveable floodwall in the dry season and during a flood event

58

4.3.4 Technical design of the rotatable portadam
Unlike the semi-permanent portadam, the rotatable portadam is a permanent
construction. The rotation is achieved by the shaft that is installed on the
concrete foundation. In order to achieve the defence height of 6m when the
structure rotates down, the ‘canopy’ made of steel needs to be 9m wide. In
order to achieve an intact closure, those rotatable portadams need to be
placed next to each other on a straight line,.
To avoid the conflict between the ‘canopies’ and the bridge pillars, a distance
between the rotatable portadam and the bridge is inevitable. For that reason,
the rotatable portadams and the bridge have to be separate elements which
need own foundations.
After the structure is rotated down, the former ‘canopy’ becomes the waterretaining element, and the pillar and the concrete foundation together
become the supporting element. Theoretically, their triangle relationship
increases the strength and stability of the flood defence structure. However,
the transition between the water-retaining elements and the subsoil is weak
during a flood. The erosion might happen at the place where the waterretaining elements land directly on the grassland.
In addition, when the water-retaining elements are rotated down, the places
where they land on might not be completely flat. It results in different angles
of those steel plates, which leads to a risk of leaking in between those plates.
Moreover, at the place where the rotatable portadam meets the profile of the
original dike, a non-closed gap might appear.
Unfortunately, similar rotatable flood defence structures were not found in
practice. To sum up, the stability of rotatable portadam was considered to be
problematic.

Figure 4.3.12 Assessment of the modular & moveable floodwall according to the selection criteria
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Figure 4.3.13 Technical sections of the rotatable portadam in the dry season and during a flood event
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4.3.5 Technical design of the gabion dike
Sandbags are very useful to construct barriers for flood defence and other
purposes (Thomson, 2011). However, they are usually used during emergency
as the last defence line between flood and property, because their stability
and strength are almost unpredictable. And limited study have been done
about this temporary defence measure (Reeve & Badr, 2003).
Sandbags are normally made from plastic or hessian membrane and filled in
with sand or other particles. The advantage of the sandbag barrier is easy to
build. But the traditional sandbag wall is formed with individual units without
any connections or frameworks, which results in limited stability (Thomson,
2011). In order to enhance the stability of a sandbag wall, some measures
have been invented. For example, the barbed wires or the spiked plates to be
placed between layers of sandbags, or the straps and strands to tie the ‘wall’
up and hold sandbags together. Those measures bring up the stability to some
extents, but meanwhile, complicate the operation and slower the responding
speed (Thomson, 2011).
On the other hand, in Europe, the gabion structure has been used as the
retaining wall and the hydraulic construction for a long time, but mainly
for preventing erosions and reinforcing water banks as part of permanent
constructions. Very few practice can be found in temporary flood defence.
One of the temporary flood defence products I found on the market is a
variant of the gabion wall, which is a foldable net filled in with sand on site
(Figure 4.3.18). Comparing to the traditional sandbag wall, the gabion-like
sand wall requires less time and effort to build, but is much more stable (Biggar
& Masala, 1998).
In the technical design, I combined the advantages of a gabion wall and
a sandbag wall. Two parallel walls made of metal grids are installed on the
bearing structure of the bridge, which in between forms a cavity under the
bridge. In wet seasons, the cavity is filled in with sandbags, which makes the
under-bridge space inaccessible. Meanwhile, the gabion walls are functioning
as a frame to hold the sandbags and transfer their loads to the bridge body
and the ground. The defence height of the gabion dike is adjustable by
controlling the number of sandbags.
Regarding the selection criteria, the sandbag wall is the water-retaining
element, which is supported by the gabion walls and the bridge foundations.

Figure 4.3.14 Assessment of the rotatable portadam according to the selection criteria
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Figure 4.3.15 Technical sections of the gabion dike in the dry season and during a flood event
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The transition to the ground is stable as long as the bridge structure is stable.
However, even though the strength of the sandbag wall is enhanced by the
gabion ‘cage’, there is still a risk of leaking from the gaps between sandbags.
Since the height of sandbag wall is adjustable, the overflow of flood defence
element is avoidable. In conclusion, the stability of the gabion dike filled with
sandbags was confirmed.

Figure 4.3.17
Traditional sandbag wall

Figure 4.3.18
Hesco concertainer installation: Stretching
the cage (Biggar & Masala, 1998)

Figure 4.3.16 Assessment of the gabion dike according to the selection criteria
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4.3.6 Selection of stable structures
In the research through design process, until the selection of the most stable
flood defence structures, the design loop about structural stability has been
concluded. The outcomes of Design Loop 2 together with the eight concept
models from Design Loop 1 have finally answered the SRQ2: How can the
adjustable dike structure optimize the flow of a cool breeze?
According to the criteria, the selection has been made. In the technical
design of the inflatable dike partition, the modular & moveable floodwall and
the gabion dike, the three crucial elements were identified and assessed to
be strong, while in the design of rotatable portadam, the transition between
the water-retaining elements and the subsoil is not as reassuring as the
others. Meanwhile, the inflatable dike partition scored the highest in the
criteria of avoiding potential failure mechanisms, followed by the modular &
moveable floodwall and the gabion dike. Conversely, the rotatable portadam
is an innovative structure, its stability hasn’t been tested by practice. And
technically, it has the risk of leaking in between and under the water-retaining
elements.
As the conclusion, the inflatable dike partition, the modular & moveable
floodwall and the gabion dike were selected as the most promising structures
to be applied in the next phase: explorative site design, in order to explore
their potential for social functions.

Figure 4.3.19 Overview of selection results until the end of DL2
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5

Explorative site design
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5.1 Introduction
Trampoline

In the last phase, I explored what multifunctions can be integrated into the
three new flood defence structures on the site design level, regarding the
relationship with the landscape context, adjacent the neighbourhoods and
the composition of target groups.

The rubber membrane, when it gets pumped to the certain height, can be
framed into different shapes with the help of moveable light frameworks. The
framed rubber bladder can be used as a springy trampoline or a so-called
‘fundazzle’ for kids to play on.

Firstly, all possible multifunctions were proposed and linked to one of the three
adjustable dike structures, according to the characteristics of the spaces they
tend to formulate. Secondly, those multifunctions were assessed by relating
them to their user groups. Eventually, I zoomed in to each site design to
elaborate what space they shape and what programs they could carry.

Slackline / Children playground

When the rubber dike is completely hidden under the ground, the space
under the bridge can be modified into a jungle children playground with
moveable hanging structures, such as swings, zip-lines and climbing nets. Not
only for children, the under-bridge space can also be a place where young
people hang out and play slackline.

In order to present the designs in an understandable way, masterplans from
the top was considered to be not suitable anymore to elaborate the designs,
since the design mainly takes place in a linear and vertical space which is
covered by the bridge. The isometric diagram was chosen to be the way
to visualize the site design throughout different time periods. On top of that,
collages and renderings were made to show the activities and the designed
atmospheres.

Cafe / Bar / Meeting place

When the rubber dike is not operative, the space can be shifted into a relaxing
zone with some moveable urban furniture. The bridge on top creates a
dynamic space where people can experience both sunny and shading. With
a mobile store, it can easily become a cafe bar where people meet and stay
for a relaxing Sunday afternoon.

5.2 Potential multifunctions

Swimming pool / Skating field / Dance floor

Firstly, the double-lane road on the crest of IJsseldijk with two exits into the
neighbourhoods should be preserved in the new site design.

Technically, the foundation of rubber dike can be designed into any shapes
as long as the width of rubber membrane is sufficient. If it is designed into the
circle like a ‘doughnut’, it will formulate an enclosed space within the rubber
‘doughnut’. The rubber partition is able to keep water outside, it can also hold
water in the space it shaped. In summer, water can be filled into the ‘doughnut’
space that is created by pumping up the rubber bladder to the certain height,
it temporarily becomes a swimming pool. It is similar to the inflatable swimming
pool that people use in their backyards, but enlarged for many times. The use
of a swimming pool doesn’t need the rubber bladder to reach the full height,
so it can be faster to get ready or away. In winter, when the rubber dike is
activated for flood defence, the enclosure space in the rubber circle can
be used for a temporary skating field. Besides that, it can also be used for a
dance floor with a band playing in the middle and disco lights hanging from
the bridge.

Secondly, the bridge provides a shaded and protected space from solar
radiation and precipitation, together with a proper use of the concrete slabs,
the gabion walls and the rubber membrane, it is able to create enclosure
spaces for various activities with unique landscape experiences (Whyte, 1980).

5.2.1 Multifunctions of the inflatable dike partition
The rubber membrane is a robust material with adjustability and flexibility,
which makes it suitable to create space with unique characteristics to serve
multifunctions. As mentioned in chapter two and the former part in this
chapter, the flood defence function and shared-use of a road should be
protected. After that, the other potential programs are elaborated below.
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Figure 5.2.1 Overview of programs share space with the inflatable dike partition
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5.2.2 Multifunctions of the modular & moveable floodwall
The precast concrete slab (5m*5m*0.2m) is designed for modularity and
flexibility. They are water-retaining elements when they stand up together, but
they can also be moveable partitions when rooms of certain shapes and sizes
are demanded. By arranging these slabs in proper ways, different spaces are
formulated. Besides, due to their modularity, the slabs are easy to be replaced
if damage happens.

Graffiti wall

First of all, the road function is fulfilled on the bridge on top. After that, the
other potential programs are elaborated below.

The places where moveable floodwalls meet the preserved IJsseldijk can be
the climbing zone. Climbing holds are installed on those slabs and the new
concrete retaining wall at the profiles where IJsseldijk is removed.

After the new IJsseldijk is realized by applying the modular & moveable
floodwall, it is unavoidable that some hippies will go there and use them for
graffiti. Gradually, the spot has the potential to become a tourist attraction.

Climbing wall

Cafe / Bar / Meeting place

When the floodwall is not needed, the space can be shifted into a semiopen room by placing the slabs on two directions which are parallel and
perpendicular to the defence line. The space with unique landscape
experience can be a cosy cafe during the daytime or a bar in the evening,
once mobile stores and some moveable urban furniture are provided.

Market / Exhibition hall / Concert

Three pieces of the concrete slabs are able to formulate a small cell. The
‘cell’ is repeatable, which makes it suitable for temporary markets. During dry
seasons, these modular spaces can even be a permanent market as long as
the bridge provides the roof. Moreover, multiple standing slabs can create a
linear space where exhibitions can be held. Sculptures, Installations, artworks
and photographies all get a place to be displayed. Besides, four pieces of
slabs can formulate a half-open space where a small scale concert can take
place. Audiences can just stand and sit on the grassland, or use the provided
moveable urban furniture.

Outdoor theatre

Two concrete slabs standing next to each other (10m*5m) will be a perfect
projection wall. The new IJsseldijk can be a place for the active and
sustainable outdoor theatre. Locals can grab a chair or just sit on the grass to
enjoy a movie with a bottle of beer and a box of popcorn from the nearby
mobile store.
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Figure 5.2.2 Overview of programs share space with the modular & moveable flood-wall
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5.2.3 Multifunctions of the gabion dike
Exhibition / Dance floor / Presentation room

The wire-mesh gabion ‘cage’ may not be pleasant from the aesthetic
perspective. But considering its flexibility and multifunctionality, it is believed
to be worth. The characteristic of the gabion wall to hang objects on it. This
feature has been utilized to the optimum in the explorative site design. First
of all, the road function is fulfilled on the bridge on top. After that, the other
potential programs are elaborated below.

The semi-open space under the bridge is also suitable to be an exhibition
hall where sculptures, installations and photographies can be displayed.
Additionally, the linear corridor-like space shaped by the gabion walls that
people can look through has great potential to be the tunnel of light where
massive dynamic and glowing bulbs shining on their own. The new IJsseldijk
has the potential to become a tourist attraction like the Tunnel of Love in
Rotterdam.

Second-hand exchange

The most direct shared-use of the gabion is hanging things on it. The gabion
wall can be a ‘platform’ for the second-hand clothes exchange amongst
residents from the neighbourhoods. Gradually, not only people from the
neighbourhoods but also from the city centre and elsewhere can come to the
gabion dike with their unwanted clothes and other dressings to participate
in the activity of circular economy and contribute to sustainability. The only
additional equipment to fulfil this shared-use is the clothes hangers.

Moreover, Flexible rooms can be created and transformed from semi-open to
private with the help of curtains that are hanged from the top of the gabion
wall to the ground. The size of those rooms are adjustable by folding and
unfolding those curtains. The rooms can be used for a presentation/meeting
room, a dance floor or a small theatre.

Cafe / Bar / Meeting place

Children playground / Hammock / Slackline

After sandbags are evacuated, the space can be shifted into a semi-open
place where is suitable to be a cosy cafe during the daytime or a bar in
the evening, once mobile stores and some moveable urban furniture are
provided.

Based on the idea of hanging objects on the gabion, the space between the
gabion walls and under the bridge can be modified into a jungle playground
with moveable hanging structures, such as swings, zip-lines and climbing
nets. Besides, facilities like the sandpit and the seesaw, which are robust to
sandbags, can also be placed. Moreover, other hanging elements for sports
and recreation, such as slacklines and hammocks are also welcomed.

Climbing wall

At the places where the gabion wall meets the preserved IJsseldijk, the
climbing zone can be established. Climbing holds are installed on two different
types of back walls. The one is the new concrete retaining wall at the profiles
where IJsseldijk is removed. The other is the penetrable gabion wall. At the
climbing zone, the metal nets need to have a small grid (2cm*2cm) which
climbers shall not directly climb on it.
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Figure 5.2.3 Overview of programs share space with the gabion dike
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5.3 Summary of social functions
In general, the sheltered sitting/meeting places are suitable for
the both three structures. Specifically, the gabion dike structure
serves more multifunctions than the others, benefiting from the
characteristic of hanging objects and its semi-open space. Besides,
the moveable floodwalls were able to create flexible rooms. On
the other hand, the rubber structure creates the activity space that
is very unique. An overview of all possible multifunctions and their
relationships with the three adjustable dike structures is presented
(Figure 5.3.1).
In the former two design loops, the purpose of urban ventilation
was targeting the adjacent neighbourhoods. However, the
social multifunctions of defence space can be beyond that and
doesn’t necessarily only serve the local residents. The new types of
multifunctional flood defence are also good attractions to people
from Rotterdam city, Alexander district, and tourists from over the
world. An overview of the relationship between the programs and
their user groups is presented (Figure 5.3.2).

Figure 5.3.1 Overview of shared-uses link to the flood defence structures

Figure 5.3.2 Overview of shared-uses link to their user groups
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5.4 Site design
5.4.1 Site design of the inflatable dike partition
In wet seasons, the rubber bladder gets pumped and fills the cavity under
the bridge to achieve flood protection. In dry seasons, the rubber membrane
is hidden under the ground and covered with the metal grids at the ground
level. So that the cool breeze and pedestrians can penetrate the flood
defence line. The path system that goes from the rubber dike into the
floodplain was designed.

can be used for a temporary rubber swimming pool when the rubber bladder
is pumped up to 2m tall with the stored water from the reservoir. The depth of
the rubber swimming pool was designed to be from 1.65m to 2m. On the south
side of the plaza, the wooden bridge above the 2m rubber wall is connecting
the ground and the water. In spite of the path to the swimming pool, another

The part of rubber dike that is in front of the neighbourhoods’ open areas was
designed into the ‘doughnut’ shape, which formulates the plaza for multiple
activities in the middle. The plaza is hard-paved and three stairs down from
the foundation of rubber dike. As mentioned earlier in this section, the rubber
partition is able to keep water outside, it can also hold water in the space it
shaped. The plaza with a well-designed water supply and drainage system

Figure 5.4.1 The standard section of the rubber dike in operation

Figure 5.4.2 The standard section of the rubber dike out of operation
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path from the bridge is going up to the same height as the car road and
connecting to the elevated wooden path, which is parallel to the defence
line. The other end of that wooden path lands on the crest of the original
IJsseldijk in which is partly preserved and goes down to the floodplain with the
wooden stairs on the dike slope. Above the swimming pool, the elevated path
is connected to the water jumping platform where people can jump into the
water from 2.8m.

However, 2m partition is not sufficient for flood defence, and the rubber dike
will eventually need to go up to 5.5m and touch the bottom of the bridge
deck. In order to avoid conflict between the wooden bridge and the rubber
dike, the wooden bridge was designed according to the traditional Dutch
drawing bridge which can open from the middle to almost 90 degrees.

Figure 5.4.3 The activity plaza on a normal day
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Figure 5.4.4
The activity plaza when the rubber membrane reaches 2m for swimming pool
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Figure 5.4.5
The activity plaza when the rubber membrane reaches the full height

Figure 5.4.6
The rubber swimming pool
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Figure 5.4.7
The inflatable dike partition operates during a flood
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5.4.2 Site design of the modular & moveable floodwall
In wet seasons, all the concrete slabs get pulled up and stand next to each
other on a straight line to form the floodwall. In practice, a plastic membrane
can be used to cover them from the waterside in order to prevent seepage
from the gap between two pieces (Biggar & Masala, 1998). In dry seasons,
the surfaces of the lying slabs and the curbstones were designed to be at
the ground level. So that the cool breeze and pedestrians can penetrate the
flood defence line freely. As mentioned in the technical design section, in
order to support those modular floodwalls, the half-metre deep grooves are
precast on the concrete foundation. In spite of the grooves where they stand
as the floodwall, the grooves are also reserved on the concrete foundation

perpendicularly to the defence line at each 5m. These grooves were designed
for slabs to divide the space.

Figure 5.4.8
The standard section of the modular & moveable floodwall on a normal day

Figure 5.4.9
The standard section of the modular & moveable floodwall when activity space is needed

The same elements are used to make the paved spaces and the pedestrian
paths on the grass in a way to enhance the continuity and consistency of the
landscape. The precast slab was found to be low-priced but very useful to
define the landscape language and enrich the texture, at the same time to
create the paved activity space for people who don’t want to get in touch
with bare soil and wet grass.
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Figure 5.4.10
The exhibition space on a raining day
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Figure 5.4.11
The open market
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5.5.3 Site design the gabion dike
The wire-mesh gabion ‘cage’ may not be pleasant
from the aesthetic perspective. In order to make
them less striking, they are integrated into the bridge
body by installing the metal wires on the bridge pillars.
Correspondingly, the capability of holding sandbags is
enhanced. Sliding gates made from the same material
are placed in the gabion wall at a regular distance. Those
gates are not only for pedestrians to access the underbridge space and cross the dike, but also for sandbags to
be carried in and out.
The annual Kralingseveer lighting festival takes place at
the new IJsseldijk. The Kralingseveer lighting festival will be
an event like the GLOW Eindhoven and a place like the
tunnel of Love in Rotterdam where artists can let go of
their creativity in a linear space. During the festival, various
lighting designs, such as neons, lanterns and laser will be
hanged on the gabion walls where people can also look
through to the landscape, or from the ceilings.

Figure 5.4.12
Underbridge space of the standard section of the gabion dike

Figure 5.4.13
The standard section of the gabion dike
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Figure 5.4.14
The Kralingseveer Light Festival
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Figure 5.4.16
Underbridge space activity section of the gabion dike

Figure 5.4.15
The activity section of the gabion dike
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Figure 5.3.17 Outside the gabion dike
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6

Discussion & conclusion
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6.1 Discussion and limitation of the research
In this section, the research outcomes and methods for the each research
question are discussed. The significance and contribution of the study, also the
limitations and deficiency of the methods are involved in the discussion.

(no regional-scale wind above 1.5m/s) was used. Still, 0 m/s of wind speed is
the optimal simulation context to observe the cool breeze. However, ENVI-met
can not work with the original setting of 0 m/s wind speed. So the lowest wind
speed (0.1 m/s) coming from the summer dominant wind direction (230 Southwest) was chosen. But even though the wind is very weak, it could still have a
promotive influence on the ventilation that can not be neglected, because
230 south-west is almost parallel to the ventilation vector.

Site selection

The outcomes of site selection activity are the testbed and the prospect of
seasonally adjustable flood defence structure in the Netherlands. The site
selection was done manually, firstly by overlapping the urban heat map,
the dike map and the river map on the national scale, then superimposing
the urban topographies with the temperature gradients on the site scale. I
basically checked Dutch cities one after another, following the path of the
four main rivers: the Waal, the Rhine, the Maas and the Ijssel. In spite of the fact
that it was very time-consuming, I could have neglected relatively small sites
and possible sites along the river branches. Besides, the size of the floodplains
and the terrain around the dikes were measured manually on Google Earth
and the AHN website. The accuracy can not be ensured even though a lot of
time was consumed.

The original setting was getting less effective in the latter half of simulation.
Compared with the results in the morning of 26th, the results in the evening and
the night were more significant. 24-hour was chosen to be the simulation time
span, which is theoretically the shortest timespan to simulate the situation. But
the longer timespan is supposed to give a more convincing outcome because
the microclimate effect could accumulate. If the simulation had been run for
48 hours or even 72 hours, the first sub-research question could be answered
with higher accuracy.

SRQ2

The second sub-research question aimed to find alternatives that optimize the
flow of a cool breeze. At the end of Design Loop 1, the eight concept models
were categorized into three levels in terms of openness in the ventilation
direction: completely open, mostly open and partly open.

For future study and practice, the selection activity can be done more
efficiently in the geo-information system. Areas, such as floodplains, with
certain characteristics can be selected and analysed based on information
including surface temperature patterns, land-cover, NDVI (Normalized
differences vegetation index) which are accessible from the Landsat satellite,
together with the measured data of elevations, slopes and terrains (Jo, et al.,
2001).

SRQ1

The first sub-research question was ‘To what extent does the dike hamper the
cool air exchange?’. The Envi-met simulation and the literature study have
been done to answer it.

In order to understand the relationship between ventilation efficiency
and openness, another ENVI-met model with part of the dike remained,
which represents the concept design those are ‘mostly and partly open’
was simulated as a supplementary study for the first round of simulation. By
comparing the simulated temperature patterns between the three situations,
the conclusion has been drawn. The concept design with more openness
can provoke more efficient cool air exchange. In the end, the openness was
assessed by visualizing their projections in the ventilation direction.

According to the theoretical framework, the cool breeze needs to be studied
contextually. Hereby, the ENVI-met simulations have been done to the
abstracted models of the site to understand the cool air exchange spatially
and temporally. In the ENVI-met simulation, the setting of a calm summer night

Nevertheless, this conclusion is rather general. Many other factors could
influence the ventilation efficiency, such as the unique shape of the opening
and the corner in the ventilation direction. Simulating the concept models
respectively would be the most convincing but also time-consuming
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assessment approach. However, to do that, another microclimate simulation
software with higher resolution is required. Due to the time span of a master
thesis, no further stimulation was considered, and openness has been chosen
as the only assessment criteria. It is believed that the assessment approach
which currently is possible to misestimate the ventilation efficiency, is
improvable by making more specific simulations.

In practice, the flood defence function, rather than urban ventilation or other
multifunctions has always been prioritized. Because different priorities could
lead to different selection outcomes, it is worth to discuss here what if the flood
defence function was prioritized in the research through design process. If
the structural stability was considered as the prerequisite, the concept design
of windows in the dike and the ‘drawbridge’ dike partition could have been
given more attention. Conversely, the rotatable portadam might be excluded
from the early stage.

SRQ3

In order to answer the third sub-research question, the three parallel site
designs were made to explore the potential of adjustable dike structures to
create places providing social functions.
Although the site design for the IJsseldijk is strongly contextual, it does not
prevent those multifunctional ideas to be inspirational for other sites, in which
the dike stands in between the floodplain and the urban area.
Furthermore, some of the programs, such as the hammock space, the semiopen cafe bar, the children playground and the marketplace, are also
inspirational for other under-bridge spaces where flood defence and urban
ventilation is not prioritized. In other words, the results for the third sub-research
question can be relatively independent from the purpose of urban ventilation.
The identified multifunctions are generically applicable for other sheltered
spaces in or nearby the urban area, such as the place where bridge piers land
on the floodplain and the space under urban or suburban viaducts.

MRQ

The main research question was looking for new types of river dike provide
flood defence, urban ventilation and social functions.
This research through design process was a problem-oriented action, which
started from solutions for better urban ventilation in the first design loop,
followed by the second design loop to test the flood defence ability and
the ultimate explorative site design to discover social functions. The optimal
solutions were stepwise selected during the research through design process
from the eight alternatives at the beginning to the three in the end. However,
this prioritized selection procedure resulted in a consequence that the flood
defence structures with high stability and multifunctionality but low score in
ventilation had been excluded from the first design loop.
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6.2. Conclusion
SRQ1: To what extent does the dike trap the cool air?
This sub-research question was aiming to quantify and visualize the cool air
exchange and the hampering effect on it. After understanding the fact that
the cool breeze movement and its cooling effect are strongly contextual,
the site-specific ENVI-met simulations indicated the dike starts to hamper the
cool air around 18:00 pm and almost no cooling effect is received from the
floodplain. Conversely, without the dike, the cool breeze is able to decrease
the air temperature on the area of 180m into the neighbourhoods at the
pedestrian level (1.8m). It is worth mentioning that the effect was measured
in the first 24 hours of the simulation, and the cooling effect is likely to
accumulate.

SRQ2: How can the adjustable dike structure optimize flow
of a cool breeze?
The question was formed to generate innovative flood defence structures that
can be adjusted according to the need of flood protection and urban heat
problem mitigation. In order to allow and facilitate the movement of a cool
breeze, the new dike structure needs to be openable especially on the ground
level. According to the conclusion of SRQ1, a bigger opening in the dike is
likely to provoke more efficient cool air exchange.
In conclusion, the inflatable dike partition, the modular & moveable floodwall
and the gabion dike were tested to be the most promising design to optimize
the cool breeze, and at the same time to ensure the stability of the flood
defence structure. After that, the rotatable portadam performs parallel to the
three optimal solutions in terms of ventilation, but it has a questionable flood
defence ability. Moreover, the rotatable dike partition, the windows in the
dike, the ‘drawbridge’ dike partition and the sliding floodgate achieve synergy
with a cool breeze to different extents.

Figure 6.2.1 Overview of selection results
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SRQ3: What is the potential of adjustable dike structures to
create places providing social functions?

the rubber dike is more expensive to construct and requires more inspection
and maintenance. Moreover, every inflation for multifunction creates energy
consumption.

In addition to flood defence and urban ventilation, more social multifunctions
were possible to be carried by the three optimal structures. Most of the
year, flood defence and urban ventilation are not needed, that is when
social functions take place. The rubber membrane, the concrete slabs and
the gabion grid are respectively the crucial elements in the three optimal
alternatives, which are both able to shape space.

To sum up, the gabion dike and the moveable floodwall create places for
more neighbourhood-oriented functions, especially for the ageing community
like Kralingseveer. And nearly no extra construction is required for the
multifunctions. Conversely, the inflatable dike partition provides more tourist
attractive and eye-catching functions and may have the educational value
of urban climate.

Generally, the gabion dike performs the best in terms of multifunctionality. The
semi-open space and the feature of hanging objects on the metal grid make
it suitable for more social functions than the inflatable dike partition and the
modular & moveable floodwall. From the perspective of multifunctional flood
defence, most activities of the gabion dike are on the integration level of
shared-use, which put a minimum risk on the original flood defence function.
Another advantage is that only small interventions are required. To be specific,
most of the social functions are achieved by hanging objects on the gabion,
including hammocks, slacklines, swings, climbing holds, cloth hangers, lamps
and curtains which is able to shape the rooms and switch them from semiopen to private. These objects are replaceable and relatively low-cost.

MRQ: How can new types of river dike provide flood
defence, urban ventilation and social functions?
The main research question was aiming to generate new types of the river
dike to mitigate urban heat problems, and at the same time create social
space. The inflatable dike partition, the rotatable dike partition, the windows in
the dike, the modular & moveable floodwall, the ‘drawbridge’ dike partition,
the rotatable portadam, the sliding floodgate and the gabion dike were
proposed, based on the understanding of cool air exchange between the
floodplain and the urban area, and identified to have a synergistic effect to
facilitate urban ventilation.

In the place created with the modular & moveable floodwalls, the modularity
and flexibility of slabs enable the room of different sizes and shapes to serve
the multiple activities including the exhibition hall, the theatre, the market,
the concert, the cafe bar, the meeting room and climbing walls. These
multifunctions are carried out on the level of functional integration which flood
defence elements are also used as the structure for multifunctions. But it is
different from the typical functional integration because the social functions
and the flood defence never happen at the same time. Using the space and
structure for multifunctions requires no extra constructional cost, while efforts
are only needed in re-arranging the slabs. Moreover, those slabs are precast,
which means low-prized, replaceable and easy to maintain.

Amongst the eight adjustable flood defence structures, the design of gabion
dike is most suitable for the testbed, because it achieves the equal ventilation
efficiency with the inflatable dike partition and the modular & moveable
floodwall but requires simpler interventions. In addition, it provides more
sustainable and neighbourhood-oriented multifunctions. On the other hand,
the modular & moveable floodwall is the most generically applicable structure.
Besides, the inflatable dike partition is the most promising solution for the future,
because it has been tested in practice to be very flexible and robust in terms
of flood protection. It requires more construction at the beginning but is more
user-friendly in the afterwards operation.

The rubber bladder is a playful partition, which could not only create enclosure
space but also hold media in the shaped space. Therefore, programs like a
swimming pool, a skating field and a dance floor are feasible. And the activity
space can be established and withdrawn by inflating and deflating the rubber
membrane. Compared with the moveable floodwall and the gabion dike,
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6.3 Relevance
Scientific relevance

Former climatic researchers have never focused on the microclimate effect
of river dikes in Dutch context. This thesis quantitatively studied the river dike’s
hampering effect on the cool air exchange and demonstrated the cooling
potential of a thermal-driven breeze between floodplains and urban heat
areas. Therefore, it fills in the knowledge gap in urban microclimate.
So far, no scientific research has discussed dike alternatives from the
perspective of urban climate, let alone for mitigating urban heat problems.
In order to optimize the cool breeze, inspirations were found from existing
hydraulic projects, books about multifunctional flood defence, temporary
flood defence measures and other objects in daily life to design adjustable
dike structures that are synergistic with urban heat mitigation. Therefore, this
thesis fills in a knowledge gap in flood defence design. Moreover, this thesis lists
a series of potential sites in the Netherlands for further research and practice.
Next to that, this thesis explored a new direction of making multifunctional
flood defence, which integrates flood defence, urban ventilation and social
functions on the temporal dimension, while previous research mainly worked
on multifunctionality on the spatial dimension.

Societal relevance

The academic environment is more tolerant for innovations, so the pioneering
research through design process could be conduct. This process explored the
possibility of integrating flood defence, urban ventilation and social functions
in one structure which designers and hydraulic engineers could not attempt in
the practical context due to safety and economic reasons. This thesis provides
the prototypes of adjustable dikes and the reference of multifunctional flood
defence for practitioners.
The cool breeze between floodplains and urban areas will become a more
valuable ventilation resource during climate change and urbanization. The
new multifunctional dikes were designed to optimize the effect of cool breeze,
which help to improve the quality of outdoor space. Next to that, the shared
social functions invite urban residents to get close to the water facilities and
from there they gain the awareness about urban heat mitigation and climate
change adaptation.
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APPENDIX II
Potential sites in the Netherlands
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APPENDIX III
Technical sections
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Technical section of the ‘drawbridge’ dike partition

Technical section of the sliding flood-gate
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APPENDIX IV
Locations of the isometric diagrams for site designs
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