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Summary

Around the world, many large cities are located in low-lying areas on soils suscep-
tible to subsidence. This leads to a dilemma for water managers, who have to
pump away water to prevent flooding without pumping away too much water, as
this accelerates subsidence. Simultaneously, cities are trying to increase the ro-
bustness of their water system as a way to adapt to increasing intensities in rain
and drought as a consequence of climate change. The addition of surface water
is a possible measure to achieve this when groundwater levels are high, but many
e [edts of this measure have not yet been quantified. This thesis sheds light on this
measure by studying the e [edts of restoring the Binnensingel canal in the Dutch
city of Vlaardingen on pluvial flooding and groundwater fluctuations.

To achieve this, the integral hydrodynamic model 3Di is used. Firstly, an existing
schematisation is updated and the model is calibrated. Secondly, the e [edts of a
composite rainfall event with a return time of two years for a climate scenario for
2050 on the existing study area are investigated. Thirdly, the canal is implemented
into the model with several variations in length, water level and connected area.

The groundwater part of the model is calibrated by tuning the infiltration, poros-
ity and hydraulic conductivity as these were found to be the most influential in a
sensitivity analysis. After calibration, the accuracy of the groundwater model is
quantified and deemed to be su Lcieht with a mean absolute error of 0.04 m. The
accuracy of the surface and sewerage part of the model is not quantifiable due to
errors in historic measurements, but is qualitatively found to be su [cieht.

The results show that the future rainfall event causes heavy pluvial flooding in the
current situation, leading to a maximum of 25-30 cm of standing water for a du-
ration of more than two hours and 948 vulnerable buildings throughout the study
area. Implementation of the canal reduces this only slightly; by up to 2 cm in depth,
15 minutes in duration and 19 vulnerable buildings. Groundwater fluctuations have
a magnitude of up to 30 cm in the current situation and are reduced only locally
around the Binnensingel when a canal is added. Variants of the canal with a higher
connected area and a lower water level are found to be the most e [edtive.

Future research can benefit from the usage of a wider range of rainfall events that
are run in series alternated with dry events. This will give more insight in the long-
term groundwater fluctuations and the eledt of a canal during less intense, yet
more frequent rainfall events.




Samenvatting

Veel grote steden liggen wereldwijd in laaggelegen gebieden op gronden gevoelig
voor verzakking. Dit veroorzaakt een dillemma voor watermanagers, die water
moeten wegpompen om wateroverlast te voorkomen zonder zoveel water weg te
pompen dat het de verzakking versnelt. Tegelijkertijd willen de steden met het
00g op intensere regenval én droogte door klimaatverandering hun watersysteem
robuuster maken. Het toevoegen van open water is een mogelijke manier om dit
te bereiken als de grondwaterstanden hoog zijn, maar veel e [edten hiervan zijn
nog niet gekwantificeerd. Deze studie gaat hierop in door de eledten van het
terugbrengen van de gracht op de Binnensingel in Vlaardingen op wateroverlast en
grondwaterfluctuaties te onderzoeken.

Hiervoor wordt het integraal hydrodynamisch model 3Di gebruikt. Eerst wordt een
bestaande schematisatie getipdated en het model gekalibreerd. Daarna worden de
e [edten van een compositietbui met een herhalingstijd van 2 jaar voor het klimaat
van 2050 op het huidige studiegebied bepaald. Tot slot wordt de gracht aan het
model toegevoegd met varianten in lengte, waterniveau en aangesloten oppervlak.

Het grondwaterdeel van het model is gekalibreerd op de parameters voor infiltratie,
porositeit en doorlatendheid nadat deze in een gevoeligheidsanalyse het meest in-
vloedrijk zijn gebleken. Na de kalibratie is de nauwkeurigheid van het grondwa-
termodel voldoende bevonden met een gemiddelde absolute fout van 0.04 m. De
accuraatheid van het oppervlakte- en riooldeel van het model is niet te kwantificeren
door meetfouten in de historische metingen, maar is kwalitief voldoende gebleken.

De resultaten laten zien dat de toekomstige bui hevige wateroverlast in de huidige
situatie veroorzaakt: water-op-straat heeft een maximale diepte van 25-30 cm en
duur van meer dan twee uur en leidt tot 948 kwetsbare panden in het hele studiege-
bied. Het toevoegen van de gracht vermindert dit slechts met maximaal 2 cm in
diepte, 15 minuten in duur en 19 kwetsbare panden. Grondwaterfluctuatie heeft
in de huidige situatie een grootte van 30 cm en wordt bij het toevoegen van de
gracht alleen lokaal rondom de Binneningel verkleind. De varianten van de gracht
met een hoog aangesloten oppervlak of een laag waterpeil zijn het meest e [edtief.

Verder onderzoek zou baat hebben bij het doorrekenen van meerdere buien die in
serie met periodes van droogte worden gedraaid. Dit zal meer inzicht geven in
de grondwaterfluctuaties op lange termijn en het e [edt van de gracht gedurende
minder intense, maar vaker voorkomende buien.
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1 Introduction

1.1 Context

Many of the world's cities are located in lowland coastal areas, which makes mil-
lions of people vulnerable to ooding (McGranahan et al., 2007; Neumann et al.,

2015). The challenges this induces are ampli ed by the fact that the soil in coastal

areas typically consists of mostly clay and peat, both of which are susceptible to
subsidence (e.g. Brown & Nicholls, 2015; Kim et al., 2015; Stoorvogel et al.,

2016). Water managers are therefore walking a ne line between not pumping
away enough water, which enlarges the risk of ooding, and pumping too much,
which accelerates the settling of the soil, which in turn leads to repetition of the

dilemma (Gorelick & Zheng, 2015).

Climate change is contributing to this dilemma by introducing longer periods of in-
creasingly intense periods of rain on the one hand and increasingly intense drought
on the other (IPCC, 2023). Already visible in the present day, these e ects of
climate change are projected to get stronger, although the magnitude of change
di ers per location. For the Netherlands for example, the Royal Dutch Meteorolog-
ical Institute (KNMI) has predicted an increase in rainfall of 4 to 7% during winter
and a decrease in rainfall of -13 to -5% during summer for 2050. At the same time,
rainfall during summer will become more intense: the annual maximum amount of
rain in one hour is expected to increase from the current 16 mm to 27 mm around
2050 (KNMI, 2023).

For cities especially, maintaining a robust water balance will be increasingly harder.
While some cities are rapidly adapting to climate change, cities in coastal lowlands
often struggle with high groundwater tables (van Dorland et al., 2024; K. Wang
et al., 2021). This limits the possibilities for implementation of widely-used climate
adaptation measures such as retention ponds, in ltration crates and disconnecting
of streets and roofs (Carmen et al., 2016; RIONED, 2014).

One of the possible measures which has sparked interest over the recent years
is the paradoxical intervention of adding surface water. In theory, new surface
water bodies will increase the water storage possibilities, decrease the pressure
on the sewerage system and act as a stabilizer for the groundwater level. The
extent of this has however not yet been researched in an integral approach, in
which surface, sewerage and groundwater are combined. This study therefore
focusses on quantifying the e ects of the addition of surface water bodies as a




climate adaptation measure in cities susceptible to subsidence. It will do so by
evaluating the e ect of reinstating the canal on the Binnensingel in the Dutch city
of Vlaardingen (see Section 2.1) on pluvial ooding and groundwater uctuations
using an integral hydrodynamic model.

1.2 State-of-the-art

Canals in urban areas can serve a plethora of purposes, for example retaining and
storing rainwater, increasing the in Itration of rainwater into the soil, enhancing the
cities aesthetic and increasing the recreational value of public spaces, improving lo-
cal water quality and providing a cooling e ect to its surroundings (STOWA, 2009;
VMM, 1996). With the increasing focus on climate change (IPCC, 2023), most
research regarding canals in cities has been done on the latter. Most researchers
have found that canals can succesfully reduce the Urban Heat Island (UHI) e ect
(e.g. Jandaghian & Colombo, 2024; Merga et al., 2024; Y. Wang et al., 2016),
although the extent varies from case to case: in some situations, open water can
even increase the UHI (Steeneveld et al., 2014). On the topic of urban water
guality, most research goes into water quality measuring frameworks (e.g. Sajib et
al., 2024; Zhan et al., 2022), which is used by mostly governing parties to assess
the quality of surface waters such as canals. For the Netherlands, these studies
consistently identify sewage over ows, faulty sewer connections and contaminated
surface runo as the main risks for urban water quality (e.g. NIOO-KNAW, 2022;
Schets et al., 2008). Despite the clear interest in the urban water system, no
scienti ¢ sources that studied the e ects of urban canals as a climate adaptation
measure to decrease (ground)water hindrance or even ooding were found.

However, other climate adaptation measures regarding water management have
been intensively studied and found to be e ective (e.g. Fletcher, 2009; Imran et

al., 2013; STOWA, 2019a). As such, measures like wadis, green roofs and in-
ltration crates have become common in newly built neighbourhoods (e.g. Ariza

et al., 2019; Eigenhuijsen et al., 2009; Melville-Shreeve et al., 2017) and are in-
creasingly implemented into city redevelopment projects as municipalities realise
the importance of an integrated approach to urban water management (de Jong

et al., 2001). Still, the majority of this research has been done with case studies of
cities with highly permeable soils or deeper groundwater levels (e.g. RIONED, 2014;
Steenbergen, 2008; Wiebing, 2023), while studies have pointed out that popular
in Itration-oriented measures are rarely successful in areas with higher groundwater
levels (de Jong et al., 2001).




Traditionally, these studies have been experimental and were often done without
storm conditions. With increasing computational power and more detailed mod-
elling software, integral approaches in which climate adaptation measures are in-
cluded in hydrodynamic or hydrological models of cities have become popular. Ex-
amples of these modelling softwares are HEC-RAS, Infoworks ICM, 3Di, D-Hydro
and Tygron. In general however, the choice of software is of little importance on
the accuracy of the model, which is in uenced more by the quality of input data
and skills of the modeller (Gan et al., 1997; STOWA, 2017) and the applicability
of the software to a speci c case. Nevertheless, a modelling software which has
the ability to couple 1D models (for sewerage systems) and 2D models (for surface
ows) can yield more accurate results than a separate 1D or 2D model (e.g. Guo
et al., 2021; Patra et al., 2016; Vozinaki et al., 2017) and is thus preferable in an
urban setting.

1.3 Research gap

A lot of research on climate adaptation focusses on in Itration possibilities, which
means that many results from these studies are not applicable to areas in which
in Itration possibilities are naturally low due to high groundwater levels and/or
subsidence. In these areas, stabilizing the groundwater level is of higher importance
than increasing in Itration. Although it is known that adding urban canals is a
possible method to stabilize groundwater levels, research on urban open water
mostly focusses on water quality and cooling e ects. Quantitative integral research
into the e ects urban open water has on reducing pluvial ooding and uctuations

of the groundwater level is still missing.

1.4 Aim and research questions

The aim of the study is to quantify the e ect of adding surface water as a climate
adaptation measure on pluvial ooding and groundwater uctuations. This will be
done on neighbourhood level for a city in the western part of the Netherlands. (see
Sections 1.5 and 2.1).

An up-to-date 3Di-model of the study area, containing the schematisation of the
surface, waterways, buildings and sewerage system, is provided by Nelen & Schuur-
mans. In order to e ectively asses groundwater uctuations, groundwater ow will

be added to this schematisation. The model will therefore be calibrated and sub-
sequently validated, until its outputs su ciently resemble historic measurements.
This leads to the rst research question:




RQ1: Which model con guration and parametrization results in an
acceptable simulation of reality?

The calibrated and validated model will be used to predict the e ects of future
rainfall. A future design rainfall event will be selected and applied to the model,
after which the results can be determined in terms of depth and duration of pluvial
ooding and uctuations of the groundwater level.

RQ2: What are the e ects on pluvial ooding and groundwater uctuations
when a future rainfall event is applied on an urban area with high
groundwater levels?

Increasing the amount of surface water hypothetically decreases pluvial ooding
and has a stabilising e ect on the groundwater table. To assess this hypothesis
and quantify the expected e ects, various variants of a canal will be added to the
schematisation of the study area. To make maximum use of this measure, parts
of the study area will be disconnected from the combined sewerage system and
connected to the added canal. The same future rainfall event as used for RQ2 will
be applied to the altered model and pluvial ooding and groundwater uctuations
are determined once again. Comparing these results with those from RQ2 leads to
answer the third research question:

RQ3: What is the in uence of the addition of a canal on pluvial ooding and
groundwater uctuations in an urban area with high groundwater levels?

1.5 Scope

The study includes 2D surface and groundwater ow in combination with 1D sew-

erage ow. This includes hydrological processes such as in ltration. Groundwater
ow below the phreatic aquifer is excluded from the study, as the time scales of
these ows exceed the simulation length used in this study and are therefore ex-
pected to have a very small in uence. Evaporation, heat stress, wind e ects and

water quality are excluded from the study as well.

The study is limited to future climate conditions for approximately 2050, as this
ensures applicability of the results beyond the current climate conditions, without
being too susceptible to variety in climate models. Additionally, the KNMI has
predicted values for meteorologic changes around 2050 and design rainfall events
based on these values have been derived (RIONED, 2020; STOWA, 2019b).




As a case for the study, the Oostwijk area in the Dutch city of Vlaardingen will
be used. The Oostwijk is one of the oldest neighbourhoods of Vlaardingen and is
with its dense housing and large area of impervious surfaces exemplary for many
neighbourhoods in Dutch cities. Additionally, the Oostwijk has known problems
with subsidence in the past, which has lead to the groundwater level being close
to the surface. The combination of a high amount of impervious area with high
groundwater levels makes that the Oostwijk is highly susceptible to pluvial ooding.

1.6 Report outline

This chapter has given an introduction to the study itself. In Chapter 2, an elabo-
ration on the study area is given, followed by an introduction of the 3Di modelling
software and a list of data sources used in the study. Chapter 3 covers the meth-
ods to answer the research questions. In chapter 4, the results of the study are
presented and interpreted. Chapter 5 o ers a discussion of the in uence of the
used methods on the results and how the results could potentially be generalized.
Finally, chapter 6 states the conclusions of the study and gives recommendations
for practical use of the study, as well as recommendations for future research.







2 Materials

2.1 Study area

The study area is the Oostwijk neighbourhood in the city of Vlaardingen. Vlaardin-
gen is located in the west of the Netherlands, between the coast and the city of
Rotterdam, and on the northern bank of the Nieuwe Maas river (see Figure 1a).
The Oostwijk is located in the southeast of Vlaardingen. As one of the oldest
neighbourhoods of the city, the Oostwijk is characterised by the relatively dense
housing, a high percentage of paved area and little space for vegetation. The
Oostwijk has approximately 7400 residents (CBS, 2024). The following sections
elaborate on the study area in detail. A graphical overview is given in Figure 1.

2.1.1 Geography and surface water

Geographically, the Oostwijk is bound by the Oude Haven in the west, an access
road in the north and east and rail tracks in the south. Surface level is located at
approximately 0 m with regards to NAP (Normaal Amsterdams Peymsterdam
Ordnance Datunj, with the surface elevation decreasing gradually from north to
south. In the south of the study area, several streets have subsided by 30-40 cm
compared to the edges of the study area. The heaviest subsidence is found in the
Willem Barendszoonstraat (see Figure 1b), which at its lowest point lies 80 cm
beneath the surrounding streets.

Two major roads traverse the area: the Schiedamseweg from east to west and the
Binnensingel from north to south. These roads cross eachother at a large round-
about in the center. The area south of the Schiedamseweg is almost exclusively
residential, with the exception of the Spoorsingel, a pond next to the eponymous
street. In the absolute northwest corner of the Oostwijk, a recently added neigh-
bourhood can be found. The remainder of the Oostwijk is a municipal park (the
Oranjepark), with a few ditches in the south and a larger water feature in the north,
as well as several elongated ponds along the north and east boundaries of the area.

The surface waters in the Oostwijk are divided into three di erent xed water level
areas, which are de ned by the waterboard of Del and (see Figure 1c). A system
of weirs and culverts in between water bodies regulates the water levels. In the
east of the study area an over ow is present, which discharges excess water out of
the study area. The Spoorsingel in the south is a separated system, as it is fed by
an over ow from the Oude Haven and drained by a small pump which pumps the
water back into the Oude Haven.




2.1.2 Groundwater

Although groundwater levels in urban areas generally show large spatial variation,
the average groundwater level in the Oostwijk hovers around -0.3 m NAP. Con-
sidering the surface elevation being around NAP, groundwater levels are close to
the surface. In the northeast of the Oostwijk, groundwater levels are generally
lower (between -0.8 and -1.0 m NAP). However, groundwater levels are lowered
signi cantly at several locations due to leaking sewerage acting as drainage. At
the Willem Barendszoonstraat, groundwater is permanently drained by a dedicated
pump to prevent groundwater hindrance.

2.1.3 Sewerage system

Two di erent sewerages are present in the Oostwijk (see Figure 1d). The neigh-
bourhood in the northwest of the Oostwijk has an improved separated system. The
rainwater sewers of this system have one outlet in the west (to the Oude Haven)
and two in the east (to the Oranjepark) and are drowned as they are located below
the water level of the Oude Haven. An internal weir prevents a direct connection
between the Oude Haven and the park. This makes that the rst ush is directed
towards the Oude Haven and only when the water pressure exceeds the crest level
of the weir, excess rainwater is directed to the park. The wastewater sewers end
in a pumping station from where all sewage is pumped out of the study area.

The remainder of the Oostwijk has a gravity ow combined sewerage system, which
culminates at a pumping station near the Boslaan, from where all sewage water is
pumped out of the study area. For severe rainfall cases, the pumping station has
an spillway pump to the Nieuwe Maas. The sewerage system itself has over ows
at two locations: Hofsingel and Parkweg, from where water ows into the ponds

in the Oranjepark. In 2018, the entire sewage system of the Oostwijk has been
inspected with cameras, which has shown that several sewers are damaged and
therefore likely to be leaking. All damaged pipes are located in the south of the
area.
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