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Summary

Climate change and urbanization will increase the frequency and magnitude of
urban flooding and water quality problems in many regions of the world. In
coastal and delta areas like The Netherlands, where urbanization is often high,
there has been an increase in the adoption of sustainable urban drainage
systems (SUDS). These have been installed with the expectation to reduce
urban flooding and reduce the pollution impact of urban stormwater discharges
on receiving waters. However, the performance of SUDS in delta areas such
as the Netherlands (with high groundwater tables and low permeability soils) is
often questioned and monitoring results on their long term efficiency are
limited. Therefore, research results on the hydraulic performance and removal
efficiencies of Dutch SUDS will improve the local design, implementation,
maintenance and performance of these facilities.

Numerous research studies in the past have used laboratory-based
experiments to model and predict the performance of SUDS field installations.
However, the results of these studies were generally not calibrated or verified
against reliable field performance data. Many factors can affect the
performance of SUDS and some of these are extremely difficult to simulate in
a laboratory. These factors can include: clogging, climate and seasonal
effects, water table variations, maintenance and numerous site environmental
conditions. For example, measured infiltration parameters such as hydraulic
conductivity can have a spatial variation of up to two orders of magnitude
which can result in laboratory and model outcomes with great uncertainty.
There is a significant knowledge gap in the research information available
pertaining to the performance of frequently applied SUDS devices such as
sedimentation facilities, swales and permeable pavement systems. The
research presented in this thesis has therefore focused on an in-depth
investigation into the operational performance of ‘old’ SUDS installed in low-
lying areas in The Netherlands.

In order to address this knowledge gap new standardized test procedures for
full-scale testing are set up and tested to study the behaviour of these SUDS in
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The Netherlands. In the hydraulics laboratory of the TU Delft the removal
efficiency of several sedimentation devices was tested in a standardized way.

This research into the performance of SUDS in the Netherlands included:
» Characteristics of stormwater (chapter 2)
» Laboratory testing of sedimentation devices (chapter 3)
» Field tests of:

- Permeable pavements (chapter 4)

— Bioretention swales (chapter 5)
For testing each of these facilities new monitoring methods have been
developed, tested and evaluated.

Characteristics of stormwater

Detailed information on stormwater quality characteristics is essential to rate
the efficiency of sustainable urban drainage systems (SUDS). Stormwater,
flowing into storm sewers, is known to contribute to pollutant loads entering
urban receiving waters; this can result in significant degradation of the
receiving water quality. Knowledge of the characteristics of stormwater
pollution would enable urban planners and drainage engineers to incorporate
the most appropriate stormwater management strategies in their plans and to
mitigate the effects of stormwater pollution on downstream receiving waters.
This requires detailed information on stormwater quality and treatability of the
storm water. This study gathered stormwater pollution data at over 150
locations throughout the Netherlands. In 15 years a total of 7,652 individual
storm events have been monitored. This makes the database the largest
stormwater quality database in Europe. The study compared the Dutch data to
those presented in contemporary international stormwater quality research
literature. The study found that the pollution levels at many of the Dutch sites
did not meet the requirements of the European Water Framework Directive
(WFD) nor Dutch Water Quality Standards. To meet these standards additional
sedimentation, filtration or adsorption capacity is needed to capture small
particles with attached pollutants. Detailed information on suspended sediment
characteristics in stormwater is essential to be able to rate the efficiency of
sustainable urban drainage systems (SUDS).



Efficiency of sedimentation devices

In the hydraulic laboratory of the TU Delft four sedimentation devices were
tested on removal efficiency of suspended solids in stormwater by
sedimentation. The treatment performance of these sedimentation facilities is
investigated in a standardized way in order to compare their hydraulic
performance and removal efficiency. In the tests, Dutch stormwater is
simulated with a standardized mixture of water and sediment with a well-

known patrticle size distribution and fall velocity of these particles. The new test

method proved to be a good method to compare the removal efficiency of
small particles in the range of 5-60 um of several sedimentation devices.
The observed removal rates for sediments up to 60 pm of the facilities with a

storage volume in the order of 1,5 m® and settling surface around 1 m? drop to
levels below 50 % at a flow rate of 10 I/s and higher. Given a flow rate of 10 I/s,

small particle sizes up till 20 pm will not be removed by more than 10%.
Particles over 60 um are trapped with higher removal efficiency but these
particles contain less adsorbed pollutants.

Since most of the tested facilities have no protection from hydraulic
overloading, flush-out of earlier collected sediment at moments of higher
discharges was observed.

In order to comply with the Dutch maximum acceptable concentration (MAC)
and or WFD standards, SUDS that contain a treatment step with filtration or
adsorption can be advised. Two SUDS that are widely implemented in the
Netherlands are: permeable pavements and swales. However, the
effectiveness of these SUDS is sometimes questioned, especially in the low
lying parts of the Netherlands with the soil consisting mainly of clay and peat
and its high groundwater tables. Research on the hydraulic performance of
these SUDS in the Netherlands is scarce, in particular on their resistance to
progressive clogging in the years after implementation.

Permeable pavements

Permeable pavements are specifically designed to promote infiltration of
stormwater through paved surfaces in order to reduce runoff volumes and to
improve water quality by filtering sediment and other pollutants. This research

evaluates the performance of permeable pavements using a new experimental
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test method developed to more accurately determine the surface infiltration
rate. The method is a full-scale falling head method which involves inundating
a large area of the pavement in order to determine the infiltration rate through
the pavement surface. The method has been tested on 8 locations in 5 Dutch
municipalities to achieve measurements on the infiltration capacity of
permeable pavement over seven years after construction and without
maintenance.

Infiltration rates of newly installed permeable pavement systems are generally
very high, but rates can decrease significantly over time due to clogging.
Newly installed permeable pavements in the Netherlands should demonstrate
a minimum infiltration capacity of 194 mm/h (270 l/s/ha). In field tests on older
pavement infiltration rates ranging between 29 and 342 mm/h were
determined. Permeable pavement guidelines in the Netherlands recommend
that maintenance should be undertaken on permeable pavements when the
surface infiltration falls below 20.8 mm/h. According to this guideline, none of
the 8 pavements tested in this study would require immediate maintenance.
Clogging of permeable pavements over time is inevitable due to its filter
function. However; over 80 % of the pavements evaluated in this study were
found to have an infiltration capacity of more than 70 mm/h after over seven
years of continuous service without maintenance.

Swales

Bioretention swales (in Dutch called “wadi’'s”) have been introduced in the
Netherlands around 1998. Swales are one type of SUDS device that has been
used globally for well over two decades now to provide stormwater retention
and conveyance and improve stormwater quality. The main design objectives
of swales, and the purpose of their installation, can however vary considerably.
Even under conditions of high groundwater tables (up to 0.5m under the
swale) and low permeable soil such as clay the emptying time of the swales
should be less than 48 hours.

This research demonstrated that 75% of the swales tested in the study meet
the required hydraulic performance levels even after years in operation and
without maintenance. The individual swales show a variation of the infiltration
capacity of 0.08 to 2.16 m/d.



SUDS in the Netherlands and around the world

The results obtained in this study are encouraging and important for the
implementation of permeable pavement and swales in The Netherlands, since
the performance of SUDS in delta areas and in areas in the world with
comparable hydraulic circumstances has been viewed with skepticism. The
research undertaken on Dutch SUDS field installations has demonstrated with
new, full scale monitoring methods that most of the bioretention swales and
permeable pavements tested in this study meet the required hydraulic
performance levels even after years in operation and without maintenance.
Standardized tests of sedimentation devices however demonstrated that these
facilities have a limited effectiveness for particles smaller than 60 pm while
receiving a normal hydraulic loading.

The applied methods of full scale testing of SUDS can easily be applied to
observe the hydraulic performance of swales and permeable pavement after
years of operation. Innovative monitoring methods and visualization of these
experiments using video footage allows real-time observation of the entire
infiltration process. Recording these observations in a logbook can provide
insight in their demand of maintenance and can also help to improve their
design.
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1 Introduction

Impacts on the natural catchment hydrological process caused by urbanization
have been widely acknowledged and, in many regions of the world, can lead to
an increase in the frequency and the magnitude of urban flooding, as well as
deteriorating downstream water quality [Zhou, 2014]. Urbanization
predominantly takes place in coastal and river plains [Adger et al., 2005] where
increased resilience to extreme weather events is needed. In these areas, it is
essential to combine enhanced storage capacity in periods of water surplus
with periods of water scarcity [Voskamp et al., 2014].

1.1 Water quality

Given the worldwide increase in urbanization, and the impact of urban
stormwater on both humans and aquatic ecosystems, the management of
urban drainage is a critically important challenge [Fletcher et al., 2013].
Urbanization increases the variety and quantities of pollutants found in
downstream receiving waters [Hatt et al., 2004]. Urban stormwater drainage
systems are known to contribute significantly to annual pollutant loads and to
cause degradation of urban receiving waters [House et al., 1993, Pitt et al.,
2004]. The European Water Framework Directive (WFD) advices enhanced
protection of the aquatic environment. As a consequence, the WFD advices to
address the emissions from drainage systems adequately and to take action
when these emissions affect the quality of receiving waters [WFD, 2000].
Moreover, climate change can have a significant impact on both the hydraulic
performance of water management systems in municipalities and on quality of
receiving water bodies. Most stakeholders do not realize that climate change
can also have a (significant) impact on sewer flow quality [Ashley et al., 2008]
and on the performance of Sustainable Urban Drainage Systems (SUDS).



1.2 Sustainable Urban Drainage Systems (SUDS)

1.2.1  Definition of SUDS

Surface water drainage systems that have been developed in line with the
ideals of sustainable development are collectively referred to as Sustainable
Drainage Systems (SUDS). Appropriately designed, constructed and
maintained SUDS are more sustainable than conventional drainage methods
because they can mitigate many of the adverse effects of urban stormwater
runoff on the environment [Woods-Ballard et al., 2011]. They can achieve this
through:

* reducing runoff rates, and reducing the risk of downstream flooding,

* reducing the additional runoff volumes and runoff frequencies that tend to be
increased as a result of urbanisation, and which can exacerbate flood risk and
damage receiving water quality,

* encouraging natural groundwater recharge (where appropriate) to minimise
the impacts on aquifers and river baseflows in the receiving catchment,

* reducing pollutant concentrations in stormwater, and protecting the quality of
the receiving water body,

* acting as a buffer for accidental spills by preventing direct discharge of high
concentrations of contaminants to the receiving water body,

* reducing the volume of surface water runoff discharging to combined sewer
systems, and reducing discharges of polluted water to watercourses via
Combined Sewer Overflow (CSO) spills,

* contributing to the enhanced amenity and aesthetic value of developed
areas,

* providing habitats for wildlife in urban areas and opportunities for biodiversity
enhancement.

The appropriate use of sustainable urban drainage systems (SUDS) can
reduce urban surface water flooding as well as reduce the impacts of urban
stormwater pollution discharges on receiving waters. However, the
performance of SUDS is not yet well understood by many stakeholders, and
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their efficacy is often questioned when compared with more traditional
engineering solutions [Viavattene et al., 2013].

The focus of urban stormwater management has changed over the last few
decades and it now covers more than just flood mitigation and public health
protection aspects. The stormwater industry has developed and adopted new
terms to describe these new approaches [Fletcher et al., 2014] including: best
management practices (BMPs); green infrastructure (Gl); integrated urban
water management (IUWM); low impact development (LID); low impact urban
design and development (LIUDD); source control; stormwater control
measures (SCMs); water sensitive urban design (WSUD) and sustainable
urban drainage systems (SUDS).

Descriptions of SUDS, including their design, purpose and performance can be
found in a variety of reference material [e.g. Lawrence et al., 1996, Wilson et
al., 2004, Woods-Ballard et al., 2011]. However, research on the hydraulic
performance and removal efficiencies of SUDS are scarce, particularly for
those that have been operating for some time [Al-Rubaeia et al., 2014], and for
those in delta areas with high groundwater tables and low permeability soils.
Most documents advice that the site area for SUDS should be characterised in
terms of the potential for infiltration, but little specific guidance or test results
are given on sites with very low infiltration capacity and high groundwater
levels. An exception is the new SUDS manual (Woods-Ballard et al., 2015 in
press) that offers specific guidance on sites with high groundwater levels.
The SUDS manual describes that ‘infiltration may not be suitable where
there is not an adequate depth of unsaturated soils (i.e. greater than 1m)
between the infiltration surface and the groundwater’ and describes one
example of SUDS on a site with high groundwater levels (the Henry Box site in
Witney) with groundwater 400mm to 700mm below the surface of the site. In
the low lying parts of The Netherlands this is not an exception, the distance
between the bottom of implemented SUDS and the groundwater level will
mostly vary between 0-1 metres

The performance of SUDS in delta areas such as the Netherlands, is often
guestioned, e.g because basic information on maintenance requirements to
mitigate clogging is unavailable [Lemmen et al., 2008, Boogaard et al., 2012].
The performance of SUDS under these circumstances is mostly predicted by



models [RIONED, 2015] that cannot be verified since long-term monitoring
results from SUDS field installations is scarce. Therefore, research findings on
the hydraulic performance and pollution removal efficiencies of (Dutch) SUDS
that have been in service for many years will improve design, implementation,
maintenance and performance of these facilities.

1.3 SUDS in the Netherlands

Almost half of the Netherlands lies below sea level (figure 1-1) and more than
half of its population, and its capital, are concentrated in this heavily urbanized
area [De Graaf et al., 2009]. Water levels are managed artificially in this area
by installing water storage capacity and pumping capacity in a so-called polder
system.

Climate change, sea level rise and ongoing urbanization result in increased
vulnerability of these low-lying areas in the Netherlands. Important implications
of these changes are the increased flooding frequency [De Graaf et al., 2009]
and deteriorating water quality, as in many other delta cities around the world
[Molenaar et al., 2013, World Bank, 2010].
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Figure 1-1 Surface topography of the Netherlands; elevation relative to NAP =
Normaal Amsterdams Peil, approximately mean sea level (source: Dufour, 2000).
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Over recent years many Dutch cities have combined an integrated future
vision on urban development and liveability with urban drainage, water
management and climate adaptation strategies. Technical measures can be
seen in plans from cities such as Rotterdam and Amsterdam which include the
application of SUDS like bioretention swales, green roofs, water retention
squares and additional water storage capacity [De Graaf et al., 2008]. The first
SUDS in the Netherlands were implemented around 1998 [Beenen et al.,
2007, RIONED, 2006] primarily to retain and treat stormwater by
sedimentation and/or filtration processes. Examples are sedimentation basins
(figure 1-2a), lamellar settlers (figure 1-2b), sedimentation ponds (figure 1-2c)
and regular urban canals and ponds. An interesting development in the more
recent use of SUDS includes the installation of units in series to form treatment
trains. Their capacity to treat and attenuate runoff is still explored [Bastien et
al., 2010].

The implementation of SUDS has been widely accepted in many countries. For
an accurate estimation of the pollution removal efficiency of these systems,
detailed knowledge of the quality and characteristics of the stormwater is
essential.

: 2 i : b) i e ¢)
= 4
Figure 1-2 (a) Empty sediment basin filled with sludge from a stormwater system after
8 years of operation, (b) sludge from stormwater sewer clogging a lamella settler and
c) sedimentation pond

Examples of well-functioning SUDS devices are numerous, although failing
SUDS can be more educational. The poor functioning of SUDS in The
Netherlands is often caused by a reduction in the infiltration or storage
capacity, a reduction of the discharge capacity, or is due to pollution of the soil



and groundwater [Boogaard et al., 2012] (figure 1-3). Interviews and field
inspections conclude that continuous monitoring of SUDS is required
throughout the full lifespan of the systems, including the construction stage, to
guarantee that the intended pollution and stormwater reduction targets are
achieved [Boogaard et al., 2008]. A review of constructed SUDS systems
showed that the uncertainties in design can have a large effect on the
performance of the systems [Wilson et al., 2004, Boogaard et al., 2012]. In
addition, a lack of monitoring and maintenance leads to reduced SUDS
performance which can result in flooding or in pollution of ground- and surface
waters [Lemmen et al., 2008, Boogaard et al., 2008].

Figure 1-3 insufficient hydraulic capacity of a swale (left) and clogged infiltration
system.

From experiences in Europe and the USA it can be derived that the efficiency

of SUDS depends highly on the dimensions of the facility and on its

implementation in the field [Al-Rubaeia et al., 2014, Wilson et al., 2004, Clary

et al., 2012]. Acquiring the following information on storm water quality is

required to understand their treatment performance:

« Stormwater quality levels, which determine the need for stormwater
treatment techniques based on the removal of solids.

« Behavior of pollutants, which pollutants are bound to which particles sizes
and how much is dissolved.

« Particle size distribution, which gives an indication on what particles are
likely to be removed by sedimentation and filtration
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1.4 Research on SUDS

Filtration SUDS that are widely implemented in the Netherlands are permeable
pavement and Bioretention swales [RIONED, 2014]. The applicability of these
SUDS in the Netherlands is however questionable since the lowlands of the
Netherlands have high groundwater tables and the soil consists mainly of low
permeable clay soil [Boogaard et al., 2012].

Figure 1-4 a) Bioretention swale after rainstorm, b) permeable pavement.

Bioretention swales have been used for well over two decades globally to
provide stormwater conveyance and improve stormwater quality. Bioretention
swales (figure 1-4a) have been introduced in the Netherlands around 1998
[RIONED, 2006]. Swales are commonly used and preferred because of
simplicity of design and maintenance, because of their treatment performance
(filtration of micro-pollutants) and because of their landscape quality. The main
design objectives of these swales, and the purpose of their installation, vary
considerably from country to country [Boogaard et al., 2014, Wilson et al.,
2004, Clary et al., 2012]. Records of their long term performance with high
groundwater levels and low permeable soil are scarce.

Permeable pavements (figure 1-4b) are used around the world to enhance
infiltration and treatment of urban stormwater runoff and to minimize runoff
volumes [Beechem et al., 2009, Wilson et al., 2004, Clary et al., 2012]. Urban
stormwater runoff contains suspended sediments that can cause clogging and
reduce the infiltration capacity and effectiveness of permeable pavements



[Lucke et al., 2014]. It is important for stormwater managers to be able to
determine when the level of clogging has reached an unacceptable level so
that they can schedule maintenance or replacement activities (chapter 4)
[Lemmen et al., 2008].

1.5 Existing testing methods

Numerous research studies in the past have used laboratory-based
experiments and models to predict the performance of SUDS field installations.
The results of these studies were generally not calibrated or verified against
reliable field measurement performance data [Lucke et al., 2014, RIONED,
2015]. Measured infiltration parameters such as hydraulic conductivity can
have a spatial variation of up to two orders of magnitude in swales [Gulliver et
al., 2014, RIONED, 2006]. Using small areas for testing permeable pavements
could potentially lead to erroneous results as a number of studies have
demonstrated a high degree of spatial variability between different infiltration
measurements undertaken on the same pavement installation [Van Dam &
Van de Ven, 1984; Bean et al., 2004; Lucke & Beecham, 2011]. Dutch results
from 4 infiltrometertests taken within 10 m? on one location in ‘Meijel’ showed a
variation of 34 to 596 mm/h (chapter 4). Even in engineered soil (swales and
permeable pavement) this will result in measurements and model outcomes
with great uncertainty.

Many factors can affect the performance of SUDS field installations and some
of these are extremely difficult to simulate in a laboratory. These factors can
include:

* Climate and seasonal effects — the performance of SUDS field stormwater
infiltration devices can be significantly affected by weather conditions in
cold climatic regions [Fach et al., 2011, Roseen et al., 2009].

» Clogging — the sediment accumulation processes that occur in SUDS field
installations due to soil erosion, atmospheric pollutant deposition, and
pollution entrainment and transport in stormwater runoff are extremely
complex and difficult to model accurately in the laboratory, particularly
during the construction and operational phase [Borgwardt, 2006,
Siriwardene et al., 2007].
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«  Water table variations — the performance of SUDS field installations can
be significantly affected by seasonal variations in groundwater levels and
hydraulic conditions in the saturated and unsaturated zone. It is difficult to
simulate these in a laboratory [Roseen et al., 2009].

* Maintenance - maintenance procedures of SUDS installations and the
surrounding surface areas can vary significantly and this should be
accounted for appropriately in modelling studies [Wilson et al., 2004].

» Site environmental conditions — the effects of surrounding vegetation and
biodiversity can influence the performance of SUDS field installations. For
example, permeable pavements installations often have trees and other
vegetation surrounding them and this has been shown to affect the surface
infiltration rate of pavements [Kazemia et al., 2009; Fassman and
Blackbourn, 2010].

Due to these difficulties in simulating real-world conditions and SUDS
performance in the laboratory, the research methods presented in this thesis
are primarily based on investigations on actual SUDS field installations that
have been functioning for several years. Results of studies can be different to
those presented in the literature [Lucke et al., 2014]. The practical implications
of this are that modelling studies undertaken by industry professionals to
predict SUDS performance based on research literature results, may not be
truly representative of real-world conditions. Long-term SUDS performance
predictions obtained using these models may not be accurate.

Another obstacle that had to be overcome in this research project was the lack
of standardized testing procedures. Very few countries have developed SUDS
device testing protocols for pollutant removal [Dierkes et al., 2014] or hydraulic
performance,

In many documents the need for adequate testing for infiltration facilities is
discussed. For example: ‘One of the main risks to soakaway performance is
inadequate infiltration testing, because of time constraints at the planning
stage or cost’ [Woods-Ballard B et al., 2015]. The infiltration tests should be
carried out at the location, depth and with a head of water that replicates the
proposed design. For larger systems the tests should provide sufficient
coverage across the entire area to be occupied by the infiltration system
[Woods-Ballard B et al., 2015].



To make testing results of several SUDS installations comparable, a specific
testing procedures was developed for both compact settling SUDS and
filtration SUDS.

Treatment by settling is incomparable to treatment by soil filtration and
adsorption. In order to comply with quality standards, SUDS that contain a
treatment step with filtration or adsorption are mostly recommended above
sedimentation devices because of higher removal efficiencies [Wilson et al
2004, Jianghua et al 2013]. SUDS that have these multiple treatment steps are
regarded in this research: permeable pavement (chapter 4) and swales
(chapter 5). As mentioned, many factors can affect the long term performance
of SUDS field installations and some of these are extremely difficult to simulate
in a laboratory. For this reason a full scale testing method for field experiments
is set up. Visualisation should be included in the new test method since
visualization of the hydraulic behavior of SUDS infiltration can be effective for
understanding the conducted research and can contribute a better
understanding of SUDS by many actors (e.g. urban planners from water
authorities and municipalities etc). This visualisation should allow real-time
monitoring of the entire infiltration process, can be useful as a logbook for the
conducted experiments and also facilitate verification of other measurements.

1.6 Research questions

In delta areas like the Netherlands or similar locations with high
groundwater tables and low permeable soil, some have questioned the
performance of SUDS such as Woods-Ballard et al. (2015) who state
‘infiltration may not be suitable where there is not an adequate depth of
unsaturated soils between the infiltration surface and the groundwater’. But
what is an inadequate depth or what is suitable? In most parts of the low lying
parts of the Netherlands the groundwater level is less than 1 meter below the
surface level. The question is whether this is an inadequate depth? Is the
Netherlands simply not a ‘suitable’ location for infiltration of stormwater at the
surface with swales and permeable pavement? Does suitable mean that these
SUDS should empty their storage capacity within 24 or 48 hours? And will
these SUDS stay ‘suitable’ years after implementation?
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The overall objective of this research is to review the performance of SUDS in
the Netherlands with high groundwater tables and low permeable soils.
Research findings on the characteristics of Dutch stormwater and the hydraulic
performance and pollution removal efficiencies of (Dutch) SUDS that have
been in service for many years can improve design, implementation,
maintenance and performance of these facilities.

Main hypothesis: The hydraulic performance of swales and permeable
pavement that have been in service for many years are suitable in high
groundwater tables and low permeable soil.

‘Suitable’ can be defined as the ability to infiltrate a certain amount of
stormwater in an acceptable time, for instance; ‘the empty time of a swale
should be less than 24 hours to have a full storage capacity before the next
stormwater event’. This acceptable infiltration rate could depend on the
infiltration method, location or actors involved. Therefore this is in detail
discussed in the chapters 4 (permeable pavement) and 5 (swales).

1.6.1 Research method

As mentioned, many factors can affect the long term performance of SUDS
field installations and some of these are extremely difficult to simulate in a
laboratory. For this reason a full scale testing method for field experiments is
set up with visualisation of the infiltration process that can contribute to a better
understanding of Dutch SUDS by many actors (e.g. urban planners from water
authorities and municipalities).

The next questions will be addressed in this thesis:

*  Which SUDS device testing method can accurately describe the
performance of SUDS?

e Can we apply these new methods in laboratory and in the field to SUDS in
the Netherlands?

*  Which cost effective visual monitoring methods are preferred for this
method?

26\121



» What test results can be acquired from SUDS (swales and permeable
pavement) in low permeable soil and high groundwater levels after several
years?

1.6.2 Research on sedimentation devices in laborato  ry

Frist the characteristics of Dutch stormwater are evaluated. A standardized

testing procedure was developed to obtain detailed insight in the performance

of SUDS that use settling as their main treatment technology (chapter 3). This

procedure is characterized by using:

» Suspended sediment with a representative and well-known particle size
distribution

* A non-coagulating suspended sediment with constant and known specific
density

» Particle counting for detailed analyses

* Avrepresentative concentration of suspended sediment particles

1.6.3  Full scale testing method for field experimen ts

As previously discussed, there is a significant knowledge gap in the research
information available pertaining to the performance of SUDS devices,
operating under real operational conditions; this is particularly the case for
compact settling SUDS, swales and permeable pavement systems. The
research presented in this thesis has therefore focused on an in-depth
investigation into the operational performance of these SUDS systems
installed in low-lying areas in the Netherlands in order to address this
knowledge gap with new test procedures as full-scale testing. In order to
evaluate the performance of the new full-scale infiltration testing method, the
method was first trialled on 