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Summary

Summary

To exploit its socio-economic functions, engineering measures are regularly applied in
estuaries. Estuaries are, however, known to be very complex systems. Stemming from this
complexity is the generation of a so-called estuarine turbidity maximum (ETM), which poses
great siltation problems to the engineering measures.

An engineering measure, which is looked upon in this thesis, is a trench accommodating for
the construction of a submerged tunnel. Despite the complexity of estuaries, trench siltation
rates are predicted in practice by simple empirical formulas. However, a lot of uncertainty is
associated with the predicted trench siltation rates, as such engineering tools do not capture
the complex estuarine mechanisms. These mechanisms are found to dominate the sediment
supply to the trench and the subsequent trapping of sediment in the trench.

Therefore, in this thesis, it is investigated to which degree of certainty trench siltation rates in
estuaries can be predicted, based on a process-oriented and engineering-oriented viewpoint.
This is researched according to the implementation of a detailed process-based numerical
model, which is considered to be highly accurate. For this purpose, the following case study
is adopted: a trench near the ETM of the well-mixed Scheldt Estuary, at Oosterweel, Belgium.

The uncertainty of the numerical model is estimated based on a sensitivity analysis, which
maps the epistemic uncertainty, and a scenario analysis, which approximates the intrinsic
uncertainty. For verification purposes, modelling results are compared with the state-of-the-
art theory on trench siltation mechanisms, and estuarine sediment transport and trapping
mechanisms. These are thoroughly analyzed in this thesis based on an extensive literature
study. Additionally, a link to practice is made by comparison of the degree of certainty and
practicality of the numerical model with the engineering tools.

The numerical model predicted mainly sand to be deposited in the more exposed areas of the
trench and mainly (fluid) mud in the more sheltered areas. Furthermore, it was found that the
model predicts considerable variation in sedimentation over a tidal cycle with generally less
sedimentation during flood. It could be estimated, based on the parameter uncertainty, that
the epistemic uncertainty of the numerical model equals approximately 1.5 times the predicted
siltation volumes. A similar uncertainty due to intrinsic uncertainty was estimated, as the trench
siltation rates showed a strong dependency on the governing environmental conditions
regarding tide, river and storms at sea. In total, this led to a quantifiable uncertainty in the
order of 2.5 times the expected siltation volumes.

Regardless of this uncertainty, great confidence is put in the performance of the numerical
model, as in accordance with existing literature of the study area and theory on well-mixed
estuary, important mechanisms in the supply of sediment to the trench were found to be:
salinity-induced circulation, tidal rectification, St o k e sadd riger dis¢harge. Additionally, the
governing sediment trapping mechanisms of the trench, found by the model, are in line with
state-of-the-art literature. In contrast, yet unidentified by literature, the longitudinal salinity
gradient over the estuary also seem to dominantly influence the trapping efficiency of the
trench, in particular during flood in which it induces a strong decrease in sediment trapping.

In comparison, it is believed that engineering tools, applied for trenches in estuaries, are prone
to very high epistemic uncertainty caused by model inadequacy. This is because stand-alone
application of the engineering tool on the problem gave a significant over-estimation of the
siltation volumes, as predicted by the numerical model. Furthermore, the engineering tool was
found to behave differently within a tidal cycle, and on changing environmental conditions.
Above epistemic uncertainties due to model inadequacy could, however, not be quantifiably
supported.
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In conclusion, the degree of certainty of the trench siltation rates is believed to be improved
significantly using a detailed numerical model instead of engineering tools. However, a huge
drawback of the application of detailed numerical models, is the complexity and the
impracticality of the numerical model. Therefore, this thesis opts for the development/use of a
more sophisticated semi-empirical tool for engineering measures in estuaries. Though, more
research is recommended on trenches in both similar and different type of estuaries in order
to generalize and confirm the findings of this thesis.
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Introduction

1 Introduction

1.1 Background

Estuaries are semi-enclosed coastal water bodies which have a free connection to the ocean
or sea and within which salty water is diluted by freshwater, originating from terrestrial sources
(Cameron & Pritchard, 1963). Hence, they are subject to both marine influences (tides, waves
and saline water) and fluvial influences (freshwater discharge). Estuaries are considered to
be efficient traps for both fluvial and marine sediments and are, therefore, characterized by
high concentrations of suspended particulate matter (SPM) (Meade, 1969). Moreover,
estuaries are known to be very complex, dynamic, and adaptive systems. Their elements are
interconnected and adjust to changing circumstances, stemming from both natural and
anthropogenic causes. It makes the behavior of an estuary generally non-linear, non-
deterministic, and erratic (Van Buuren & Gerrits, 2008). Due to spatio-temporal gradients in
environmental conditions (e.g. in hydrodynamics, salinity, nutrient-rich suspended sediment
concentrations (SSC), etc.), estuaries are highly productive ecological systems. As a
consequence, they provide great socio-economically benefits for humanity (e.g. recreation,
fishing, agriculture, shipping, etc.) (McLusky & Elliott, 2004). To exploit these functions, often
anthropogenic engineering measures are applied in the system.

An example of a local engineering measure, which is looked upon in this thesis, is the
construction of a trench to accommodate for the construction of an immersed tunnel. As an
open trench is prone to siltation (sedimentation of fine sediments (e.g. mud (clay, silt) and
sand)), the main challenge in the construction of a trench is to keep the design depth of the
trench and to remove fluid mud (highly-concentrated suspension of mud) from the bed. The
danger of this fluid mud is twofold:

- tunnel elements may not be able to reach the bed during submersion, as fluid mud
increases the density of the water;

- the fluid mud under the submerged element may weaken the later to be constructed
sand key, which may eventually result in subsidence of the tunnel

Posing a serious threat to the construction of a trench in an estuary is the formation of a so-
called estuarine turbidity maximum (ETM), which stems from the complexity of an estuary.
This is a zone of high SPM concentrations in which the turbidity may be 5-100 times greater
than that at the seaward limit or at the river upstream. ETMs are induced by resuspension of
a bottom pool of mud. This bottom pool of mud is locally formed through convergent SPM
transport (Becherer, 2013a; Burchard, Schuttelaars, & Ralston, 2018). Underlying
mechanisms of this convergent transport are known as sediment transport and trapping
mechanisms. These individual mechanisms act asymmetrically over a tidal cycle, resulting in
a residual exchange flow, and hence, residual SPM transport throughout the estuary. The
interconnectivity of the mechanisms leads to zero residual transport at a distinct location in
the estuary, at which sediment is trapped and an ETM may be formed. Consequently, high
sediment transport fluxes are found near an ETM, which are also affected by the same
transport mechanisms, as they influence the local hydrodynamics

The sediment transport and trapping mechanisms have been studied by many researchers,
starting with the work of Pritchard (1952, 1954, 1956), and Postma & Kalle (1955). They
focused on the drivers of the classical estuarine circulation: the longitudinal residual flow
pattern in an estuary induced by the density gradient along the estuary, which is created by
the difference in density of seawater and river water. More recently, other mechanisms have
also been investigated in their role of sediment transport and trapping in estuaries.
Examination of ETMs show that these local circulation mechanisms induce similar SPM
transport and trapping as the classical longitudinal mechanisms. Furthermore, micro-scale
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mechanisms on particle level, such as flocculation of cohesive particles, were found to be
important mechanisms in the trapping of SPM (Burchard et al., 2018; Winterwerp, 1999).

The governing sediment transport and trapping mechanisms differ, however, among
estuaries. This is mainly dependent on the characteristics in time-varying forcing due to: tides,
wind, waves, river. Therefore, in order to generalize findings, estuaries are being classified.
The most cited classification is based on the relative importance of mixing due to tidal currents
and the degree of stratification (baroclinicity) due to river discharge, which are both forcing
terms of the classical gravitational circulation (Hansen & Rattray, 1965). Another characteristic
of estuaries, which is considered important in the effectiveness of the (local) mechanisms, and
on which estuaries are widely classified on, is geomorphology (Valle-Levinson, 2010). Based
on the above, there is significant spatio-temporal variation in the location and intensity of the
ETM (Burchard et al., 2018).

1.2 Problem Description

As stated earlier, the complexity of an estuary forms a huge constraint in the design,
functioning, construction and maintenance of a trench. In particular, siltation (sedimentation of
fine sediments) is considered an enormous challenge due to the high suspended sediment
concentrations (SSC) near an ETM. As trench siltation involves two main elements, namely
(Deltares, 2011):

- the sediment carried by the water towards the trench: if no sediment will be supplied
to the trench, there will be no sedimentation.

- the trapping efficiency of the trench: if the supplied sediment cannot deposit in the
trench, there will be no sedimentation.

it is believed that a lot depends on the described spatio-temporal variation and
interconnectivity of the macro-scale and micro-scale estuarine sediment transport and
trapping mechanisms.

In practice, however, simple engineering tools are used to predict siltation rates for trench
siltation. In such tools, empirical formulations are imposed, which estimate the difference in
sediment transport between the ambient area and the trench, and the efficiency of the trench
in trapping the excess sediment. Engineering tools do not capture the complex estuarine
mechanisms, and are, therefore, believed to result in very uncertain siltation rates.

An additional problem is the state-of-the-art knowledge of the sediment transport and trapping
mechanisms in estuaries. There is a lack of knowledge on which mechanisms are dominant,
as this differs among estuaries, and among locations within an estuary. Furthermore,
accordngt o t he author6s k n o asl beeth gperformed to datee an ahee
interaction between the estuarine mechanisms and local engineering measures. For example,
the effect of a longitudinal salinity gradient on the trapping efficiency of trenches is yet not
looked into.

1.3 Research objective

The objective of this research is to improve the estimation of the trench siltation rates in
estuaries through implementation of a detailed numerical model, which is deemed to identify:

- the (degree of uncertainty around the predicted) siltation rates and sedimentation
distribution over the trench,

- the governing estuarine sediment transport and trapping mechanisms,

- potential interaction between the sediment transport and trapping mechanisms and the
trench,

- the variability of the distinct sediment transport and trapping mechanisms under
different environmental conditions.
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To narrow down the scope, this research will mainly focus near the location of the ETM of a
well-mixed estuary. Such an estuary is classified as a macrotidal system with relatively small
river runoff, leading to intensified mixing and, accordingly, a low degree of baroclinicity. As a
consequence, a (nearly) vertically uniform salinity profile can be found, and a gradual
longitudinal salinity gradient. Furthermore, the ETM may be tens of kilometers wide, as there
is no clear location of zero residual sediment transport, as for instance for a stratified (salt
wedge) estuary.

To reach this objective, the following research question is formulated:

To which degree of certainty can siltation rates of trenches near the estuarine turbidity
maximum of a well-mixed estuary be predicted, using a detailed numerical model, which
identifies and captures the normative sediment transport and trapping mechanisms,
their variability over time, and their interaction with the trench, based on a process-
oriented and engineering-oriented viewpoint?

For practicality, a case study is adopted to answer this research question. This case study is
illustrated in the next section.
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Figure 17 Overview of the Oosterweel-connection project in which the submerged tunnel under the Scheldt,
named the Scheldt Tunnel (2), is one of the five parts (RoTS).

1.4 Application: case study submerged Scheldt Tunnel at Oosterweel

Underlying this research is a submerged tunnel construction project in Antwerp, a large city in
Belgium with 850,000 inhabitants. Due to its strategic location along the Scheldt Estuary,
Antwerp has developed a port, which, at the moment of publication, is the second largest port
of Europe (Port of Antwerp, 2018). Also having an airport, Antwerp is an important logistic and
economic node in Europe. The necessity of good mobility is, therefore, considered very
important. However, the accessibility of Antwerp and its port is becoming very poor due to
increasing traffic, leading to economic loss and a decrease in quality of life for the inhabitants
(Oosterweel-verbinding, 2018).

To improve the mobility of Antwerp, the Flemish Government has established Masterplan
Antwerp in 2020. The goal of this plan is mainly to improve traffic flows in and around Antwerp.

3
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One of the plans is to realize the Oosterweel-connection, which is presented in Figure 1. The
Oosterweel-connection will complete the ring-road of Antwerp, by providing a second highway
link across the Scheldt Estuary. This is believed to reduce the traffic intensity elsewhere on
the ring-road. The project will consist of 5 parts, of which one is a 1.8 km long tunnel under
the Scheldt Estuary; the Scheldt Tunnel. The tunnel is designed as an immersed tunnel,
consisting of prefabricated reinforced concrete tunnel caissons, which will be placed in a
dredged trench (Oosterweel-verbinding, 2018).

As for this trench, initially a simple hydrodynamic and sediment transport model was set up in
order to predict its siltation rates. However, given the complex conditions at the planned
location of the immersed tunnel, it is believed that a simple model study might result in very
uncertain siltation rates. This complexity is due to the fact that the SSC is very high, as there
is an ETM located in this particular stretch of the Scheldt Estuary (Van Kessel, Vanlede, &
Bruens, 2006). This is visualized in Figure 2.
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Figure 21 Computed fortnightly averaged SPM surface concentrations in the Western Scheldt Estuary. An ETM
is observed near the city of Antwerp (After: Van Kessel et al., 2011)

The results of the simple model were, therefore, advised to be interpreted as an indication
rather than a certainty. The presence of the ETM is expected to result in high trench siltation
rates, which poses a huge risk to the construction and maintenance of the trench. As the
working method of excavation and maintenance of the trench highly depends on the siltation
rates, it is worthwhile to develop an alternative model with the intention to be able to predict
the siltation rates with higher accuracy.

Trench design

The design of the trench is visualized in Figure 3. It is curved and obliquely aligned with the
estuary. The trench has a maximum designed depth of 27.5 m TAW at the location of the
estuarine channel, which has a depth of about 15 m TAW. TAW is the national levelling system
of Belgium (Tweede Algemene Waterpassing). A total of 8 tunnel elements are planned to be
submerged. The designed across-trench directed slopes of the trench have a gradient of 1:4-
1:7. The design lifetime of the trench is approximately 3-4 months, as the caissons are
preferably submerged during neap tide. For other details of the design of the trench and
Scheldt tunnel, one is referred to Lantis Antwerp.


https://lantis.be/
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Figure 31 Design of the trench of the Scheldt Tunnel at Oosterweel

1.5 Research approach

The general approach of this research is visualized in Figure 4. The main element of this
approach is the implementation of a detailed numerical model which captures the area of the
ETM of the Scheldt Estuary. The purpose of this model is to accurately estimate the trench
siltation rates and sedimentation distribution over the trench. Through a fine mesh of the
detailed numerical model the macro-scale (especially horizontal and lateral) and micro-scale
mechanisms are aimed to be modelled accurately. The basis of this model lies in the
combination of a:

9 Literature study
Through an extensive literature study, it is aspired to create a theoretical framework in
which the estuarine processes and sediment transport and trapping mechanisms are
identified, described and quantified. Moreover, the framework tends to capture the
theory on the trapping efficiency mechanisms of trenches. This gives the required
information which processes to model and to specify the study area description (see
next bullet point). A summative scheme is constructed, giving a complete overview of
the mechanisms, their dependencies and their interactions. Later in the research,
modelling results can be analyzed thoroughly based on this framework and verified
extensively through comparison with theory.

9 Study area description
An study area analysis is performed on the Scheldt Estuary, and for the location of the
ETM in specific. The goal is to identify the dynamics of the system and its underlying
mechanisms. This is believed to be vital in understanding the behavior of the estuary
and eventually in the verification of the numerical modelling results in the remainder of
the research. Additionally, it may give information on the mechanisms which are not
able to be captured by the numerical model.

1 Large-scale numerical model
Since it is also of great importance to capture the large scale estuarine dynamics in
the detailed model, an existing validated three-dimensional large-scale numerical
model of the entire Scheldt Estuary is analyzed. This model is called NEVLA3D/LTV
Slib and is implemented by Deltares and Flemish Hydraulics, commissioned by
Rijkswaterstaat. The most recent model run (year 2014) of the model is used, which
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shows remarkably good results in the hydro- and morphodynamics of the system, and
in particular in the prediction of the ETM. Therefore, it is investigated which processes
are taken into account. Furthermore, the result of the run are applied on the boundaries
of the detailed numerical model.

The detailed numerical model is calibrated and validated with the help of measurement data
from stations and transects, and siltation rates of sluice basins. As the trench has not been
constructed yet, it is assumed that a validated detailed numerical for the situation without the
trench could also be used as a valid model for the situation including the trench.
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Figure 4 1 Conceptual approach of the research

Analysis

The identification of the governing sediment transport and trapping mechanisms, their
variability in nature, and their possible interaction with the trench, are researched through a
thorough analysis of the modelling results, using the theoretical framework and the results of
the study area description. It is aimed through comparison with state-of-the-art theory to verify
the modelling results.

The degree of uncertainty of the detailed model is investigated through both a scenario

analysis on the variability of the environmental components (intrinsic uncertainty), as well as

a sensitivtyanal ysis on to the authorés and expertso,
determining parameters for trench siltation (epistemic uncertainty).

A probabilistic assessment will result in the estimation of the total degree of uncertainty around
the trench siltation rates. Comparison with the uncertainty of an engineering tool reveals the
practicality of the detailed model.
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Eventually, it is believed that above steps will result in a conclusion to which degree of
uncertainty trench siltation rates can be modelled using a complex 3D model near the ETM of
an well-mixed estuary.

Epistemic
uncertainty

Intrinsic
uncertainty

(irreducible) (reducible)

it

Intrinsic Intrinsic
uncertainty in uncertainty in
time space

L V2 s
Model Numerical Parameter
inadequacy uncertainty uncertainty

Figure 51 Types of uncertainty in sediment transport and trapping modelling throughout an estuary (after:
A.Kroon (2020).

Model Observation
uncertainty uncertainty

1.6 Reader

This report starts with a theoretical framework of the general estuarine macro- and micro-scale
sediment transport and trapping mechanisms in Chapter 2, including trapping efficiency
mechanisms of trenches. This is followed by a system analysis of the Scheldt Estuary in
Chapter 3. Chapter 4 gives a description of the numerical models which are used/implemented
in this thesis. Subsequently, Chapter 5 goes briefly into the validation of the detailed numerical
model. Chapter 6 introduces the various model simulation scenarios, after which Chapter 7
gives the results of these simulations. These modelling results are thoroughly discussed in
Chapter 8. This research ends with a conclusion in Chapter 9 and recommendations for
improvements on this research and further research in Chapter 10.
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2 Theoretical Framework

This chapter focuses on the identification of possible physical processes and mechanisms in
the transport and trapping of sediment in a trench in an estuary. As there is a general lack of
knowledge on the governing processes and mechanisms, the purpose is to create a complete
overview of possible governing mechanisms. The theoretical framework is, therefore, a vital
part in this research, as it:

determines the modelling approach,

specifies the study area description,

details the post-processing of the modelling results;

verifies the modelling results based on state-of-the-art theory.

First, the mechanisms determining the trapping efficiency of trenches are discussed.
Subsequently, possible underlying estuarine sediment transport and trapping mechanisms
governing the transport of sediment to the trench are described. The theoretical framework
will conclude with a summative overview of the found mechanisms in a flow chart, in which all
identified mechanisms are arranged on their characteristics. Also, their dependencies and
interactions with each other are visualized. This scheme is opted to be applicable for other
general types of estuaries.
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Figure 6 i Channel deposition and erosion (Van Rijn, 2017)

2.1 Trapping Efficiency of the Trench

The trapping efficiency of trenches is primarily determined by the influence of the trench on
the local hydro- and morphodynamics, as the current velocity and SSC profiles gradually adapt
over the trench to reach an equilibrium with the new depth. The trapping efficiency of trenches
is found to be dependent on (Van Rijn, 2017):

- the alignment of the trench with respect to the direction of the approaching currents
- the dimensions of the trench (width and depth)
- the local current

Jensen, Madsen, & Fredsge (1999a, 1999b) found that trench siltation is mainly dependent
on the angle of incidence of the current with respect to the normal axis of the trench. However,
trench dimensions and local currents may significantly alter the magnitude of the siltation by
intensifying the hydro- and morphodynamical patterns.

In the below, the influence of the relative alignment of the trench with respect to the
approaching currents on the governing hydro- and morphodynamics is discussed in detail.
Subsequently, the influence of the trench dimensions and the local currents on these pattern
are clarified.
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2.1.1 Alignment of trench

In estuaries, three different flow patterns over the trench may occur, which are depicted in

Figure 6. These are: (Van Rijn, 2017):

9 Tidal flow parallel to the normal trench axis
9 Tidal flow perpendicular to the normal trench axis
9 Tidal flow oblique to the normal trench axis
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Figure 7 1 Streamlines for obliquely approaching current
over an trench/channel; a) 3D visualization of refracted
streamlines; b) streamline projection on (X,y)-plane; c)
streamline projection on (x,z)-plane (Jensen et al., 1999a).

Hydrodynamics

If the trench is parallel to the current, the
trench will attract the current due to the
increased depth of the trench, which
reduces bottom friction. Current velocities
may, therefore, increase with respect to the
ambient current. Furthermore, slightly
upstream of the trench, flow contraction is
found to occur over a short distance,
yielding a local increase and subsequent
decrease in flow velocity. On the contrary,
a perpendicularly approaching current
decreases in magnitude due to an sudden
increase of the depth. Additionally, flow
separation may occur with a subsequent
return current. This is dependent on the
steepness of the slopes of the trench: flow
separation tend to occur for slopes which
are 1:5 and steeper (Van Rijn, 2017).

Oblique flow

For currents oblique to a trench, the above
described flow patterns for both parallel
and perpendicular flow will occur
simultaneously. The smaller the angle of
obliquity, the more the flow is attracted by
the trench. Additionally, currents are
deflected through a refraction-type pattern
in the channel, especially when currents
velocities are small (Van Rijn, 2017). This
mechanism causes the smaller near-bed
velocities to be more refracted than the
greater velocities in the water column.
Consequently, a secondary motion
develops (see Figure 7). Furthermore, a
corkscrew-type secondary current at the
upstream slope may develop for obliquely
aligned trenches, as can be observed in

Figure 7. This is caused by flow separation and refracted parallel flow simultaneously (Jensen

et al., 1999a).

Morphodynamics
Suspended load

The suspended sediment transport within a trench is highly dependent on the altered
hydrodynamics. It is mainly determined by the degree of turbulence and bed shear stress,
which may differ considerably over the trench. This is dependent on (Jensen et al., 1999b):

1. the degree of flow separation on the upstream slope of the trench,

10
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the increase/decrease in elevation of sediment particles relative to the bed level,
the variation in along-trench flow direction over vertical,

settling velocity of the particles,

the acceleration of the along-trench velocity component over the trench,

the magnitude of the along-trench velocity component over the trench,

the acceleration of the across-trench velocity component over the trench;

the magnitude of the across-trench velocity component over the trench.

NGO~ WN

In general, trench siltation due to SPM increases with obliquity of the trench: the more the
trench is perpendicular aligned to the current, the more sedimentation. Transport of SPM in
cross-trench direction increases over the upstream slope (see Figure 8). This is caused by an
increase in turbulent kinetic energy, generated by (1) ,(2), and (3), which brings particles
higher above the be. Subsequently, these particles are advected by an increase in (6).
Although the turbulent kinetic energy increases, the along-trench SPM transport decreases
due to an decrease in (8). This reduction in along-trench transport is, however, less than the
increase in cross-trench transport of suspended sediment, which implies that the upstream
slope experiences erosion. Furthermore, sediment may be trapped, depending on (1), which
becomes more efficient at greater approach angles (Jensen et al., 1999h).
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Figure 8 1 Left: Across and along-trench components of suspended sediment transport across a channel/trench.
Right: Erosion (negative)/Deposition (positive) of sediment in a trench/channel as a function of inlet angle
(Jensen et al., 1999Db).

Over the channel both the along- and cross-trench SPM transport decrease as turbulence
diminishes due to a decrease in (5) and (7), and are advected less due to a decrease in (6)
and (8). Accordingly, the SPM concentration profile adapts gradually over the trench through
settling sediment particles, which is dependent on (4) (Jensen et al., 1999h).

For the downstream slope, mechanism (2) and (3) are now reversed. This causes the across-
trench SPM transport to decrease initially. Nevertheless, turbulent kinetic energy increases at
this slope (and beyond) due to an increase in (7). Also (8) increases, which leads to an
increasing along- and cross-channel sediment transport. These will eventually equal the initial
transport fluxes (Jensen et al., 1999Db).

Bedload transport

Jensen et al. (1999b) found that an approach angle of 45°, the sedimentation rate of a trench
due to bedload transport is minimal and will not differ much with obliquity of the trench. This is
because of counteracting mechanisms:

- the supply of sand increases with increasing obliquity (also holds for SPM).

- the strength of the flow separation increases with increasing obliquity.

- the sediment transport capacity across the trench becomes more uniform with
decreasing obliquity due to the prolonged exposure time of the sediment in the trench
(Jensen et al., 1999b).

11
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Depending on the ratio between the SPM load and bedload, the trench may backfill differently.

2.1.2 Trench dimensions

The dimensions of the trench regarding the width and depth may significantly modify the in
the above described hydro- and morphodynamical patterns for differently aligned trenches
with respect to the governing currents.

In general, a deeper trench magnifies the described patterns (Jensen et al., 1999b). Difference
in width, however, may alter the described situation. For wider perpendicular trenches, the
flow and SSC can reach equilibrium at which no erosion or sedimentation takes place.
Furthermore, wider oblique trenches tend to deflect more cross-trench current to the along-
trench direction, leading to more turbulence and less siltation. The influence of the width
decreases with increasing obliquity (Jensen et al., 1999Db).

2.1.3 Local current

Above considerations are based on an uniform and steady flow. These conditions are hardly
found in nature. Therefore, local unsteady flow can alter above described sedimentation
patterns significantly. Trench siltation is dependent on the strength of the local current and the
distribution of the local current over the cross-section, and consequently, on the ambient
bathymetry (Van Rijn, 2017). This highlights the influence of the various estuarine sediment
transport and trapping mechanisms.

2.2 Sediment Supply to Trench

Gross sediment transport fluxes are determining the supply of sediment to the trench, whereas
gradients in gross sediment transport in space and variation of the fluxes over time determine
the sedimentation distribution over the trench.

In an estuary, large gross transport fluxes can be found for both suspended sediment and bed
load sediment. Gross estuarine sediment transport is primarily a result of the tidal and river
flow, and is affected by the complex sediment transport mechanisms and trapping
mechanisms, which also determine the sediment availability. Due to large availability of fines,
large gross transport fluxes are present in the area of the ETM, leading possibly to extreme
siltation rates.

In this thesis, sediment transport and trapping mechanisms are subdivided in:

- macro-scale mechanisms, which determine the horizontal transport of sediment in
suspension and affect bedload transport;

- micro-scale mechanisms are classified as mechanisms which regulate the vertical
transport of fine sediment in suspension.

There may be strong interaction between above mechanisms on various spatial scales. In the
remainder of this section, macro-scale and micro-scale sediment transport and trapping
mechanisms are discussed separately.

2.2.1 Macro-scale mechanisms
Macro-scale mechanisms in an estuary can be subdivided based on:

1. Underlying processes:
Macro-scale mechanisms can either be classified as (Van Maren, Van Kessel, Cronin,
& Sittoni, 2015):
9 Barotropic mechanisms
Mechanisms in which gradients in water density can be disregarded.
9 Baroclinic mechanisms
Mechanisms in which a gradient in water density plays a dominant role, such
as gradients induced by differences in salinity, temperature, and SSC
(Becherer, 2013a).
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2. Direction of work:
Macro-scale mechanisms can also be categorized in (Becherer, 2013a):
9 Direct drivers
Mechanisms which act in the same direction during the entire tidal cycle,
thereby creating asymmetry.
9 Indirect drivers
These are mechanisms which are able to break otherwise symmetric
guantities, while changing direction throughout the tidal cycle.
3. Orientation
Although the sediment transport mechanisms create a complex three-dimensional
pattern, individual mechanisms can be separated in three different directions of
vorticity (circulation), ¥, as can be seen in Figure 9:
1 Longitudinal
9 Horizontal
M1 Lateral
Note that within the estuary, mechanisms within differently orientated planes may
interact with each other (Becherer, 2013a).
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Figure 91 Three circulation or vorticity components in a tidal channel aligned with x, in which ¥ x resembles lateral
circul @atoinogni,t uxdi nal ¢ hornizantall ciectldatian iBechexan, @013).

In the below, examples of mechanisms are given, which are typically found in well-mixed
estuaries. Other possible mechanisms which may play a role in estuaries in general are listed
in Appendix A.

Barotropic mechanisms

Barotropic mechanisms are defined as interactions between fine sediment and the motion of
water in which density variations are considered to be unimportant. Well-known barotropic
processes, occurring in well-mixed estuaries: are tides, wind, river discharge, and short-
crested waves (Allen, Salomon, Bassoullet, Du Penhoat, & De Grandpre, 1980; Burchard et
al., 2018; Friedrichs, Armbrust, & De Swart, 1998; Uncles, 2002). Apart from river discharge,
barotropic mechanisms are considered to act indirectly.

In the below, three major tidal barotropic processes are discussed: tidal rectification, St okesbd
drift and lag effects. Other important barotropic sediment transport and trapping mechanisms

are clarified in Appendix A, which, as well, gives a more elaborate explanation of the
mechanisms in the below.

Tidal rectification
Tidal rectification is the generation of tidal residual currents (Tee, 1976), oriented in either the
longitudinal, horizontal or lateral plane:

1. Longitudinal circulation
Peak-velocity asymmetry is given as the difference in magnitude between the average
peak flood and consecutive average peak ebb tidal velocity. The mechanism may
result in a net sediment transport in the direction of the maximum tidal velocities, in

13
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particular for medium and coarse sediments, so-called flood- or ebb-dominant
transport (Dronkers, 1986).

Peak-velocity asymmetries are generated through deformation of the tidal wave, as it
propagates. It is explained by the difference in wave celerity between the flood and
ebb tidal wave (Dronkers, 1986). Furthermore, the same asymmetries are generated
through the interaction of the tidal wave with itself (Sassi & Hoitink, 2013). Peak-
velocity asymmetry is dependent on the estuarine hypsometry (L i & @l DO87M. n
Furthermore, the tidal asymmetry may also be influenced by externally generated tidal
asymmetry in the adjacent sea (Uncles, 2002). Furthermore, tidal asymmetry may be
time-dependent, since the tidal wave may be varying over time (e.g. spring-neap cycle)
(Toublanc, Brenon, Coulombier, & Le Moine, 2015; Wang, Jeuken, & De Vriend, 1999).

2. Horizontal circulation

Geomorphology of the estuary may result in horizontal residual current eddies. This is
a consequence of nonlinear advection (Zimmerman, 1981). Examples are horizontal
circulation due to headlands/structures, shoals, and channel curvature: meandering
tidal channels tend to produce horizontal residual circulation, as nonlinear advection
causes flow to shoot out the bends. Consequently, residual eddies develop which are
directed in ebb-direction at the seaward part of the outer bend, and in flood direction
at the seaward part of the inner bend, and the other way around for the landward part
of the bend (Li, Chen, Guadagnoli, & Georgiou, 2008).

3. Lateral circulation
In bends, secondary lateral circulation occurs due to the interplay between centrifugal
forces, and a subsequent balancing pressure gradient. A pattern arises, which is
directed to the outer bend near the surface and to the inner bend near the bed. Since
the centrifugal forces are directed to the outer bend during both flood and ebb, a lateral
residual current emerges over a full tidal cycle (Nidzieko, Hench, & Monismith, 2009).

St okesd Drift

Another important barotropic sediment trapping and transport mechanism is called St ok e s 6

drift. This is the mass flux associated with tidal propagation of a (partly) progressive tidal wave,

resulting in net inflow of water. (Guo, Van der Wegen, Roelvink, & He, 2014; Li & O'Donnell,

1997; Wang et al., 1999). This inflowing flux is compensated by an opposing outgoing flow,

which is generated by a pressure gradient due to a longitudinal water level set-up. The
interaction between the Stokesd r et urdrectddl ow an
residual longitudinal sediment transport (Li & O'Donnell, 1997; Wang etal., 1999).St okes & dr i f
may also develop horizontal residual circulation, as it is dependent on the depth (Li and

O 6 Do n hoen.l

Lag Effects

Another set of well-known barotropic mechanisms composes of lag effects of fine sediment.
This is caused by the transport of fines, which is not in equilibrium with the current velocity, as
the relaxation timescales of erosion and sedimentation are of the same order as the tidal
period. This is in contrast to medium to coarse sediments. In the remainder of this subsection,
two important lag effects are discussed, which act in the longitudinal direction:
acceleration/deceleration asymmetry and settling lag (Gatto, Van Prooijen, & Wang, 2017,
Wang et al., 1999):

1. Acceleration (asymmetry)

Asymmetry in acceleration and deceleration of a tidal wave, also known as slack water
asymmetry, is caused by asymmetry in the tide: the rate at which the velocity changes
between both consecutive slack waters may differ between flood and ebb tide. The
larger the acceleration/ deceleration, the larger the difference between the actual
suspended sediment concentration and the equilibrium concentration (Wang et al.,
1999).
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2. Settling Lag

Settling lag is the delayed particle deposition after the onset of settling. As the settling
to the bed takes time, particles are carried with the slackening tidal currents to deposit
at a location further upstream (downstream) during flood (ebb) tide (Gatto et al., 2017;
Postma, 1961; Van Straaten & Kuenen, 1958). This is presented in Figure 10a.
Averaged over a tidal cycle this does not lead to a net transport of suspended particles.
Nevertheless, coexisting sub-mechanisms may interact with settling lag to generate a
net transport of suspended sediment. These sub-mechanisms are: velocity damping,
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Figure 10 7 Settling lag mechanisms. Redrawn and extended after
Pritchard and Hogg (2003). The x-axis represents the streamwise
distance from the inlet, the y-axes the velocity of the sediment (water)
particle. The dotted lines are the threshold velocities for erosion and
deposition. A different sub-mechanism is illustrated in each panel
(Gatto et al., 2017).

bed-level variation and
water-depth variation.
Due to velocity damping
in landward direction, the
re-entrainment of
particles during ebb tide is
caused by a water parcel
whose velocity amplitude
is smaller than the water
parcel that transported
the particle in landward
direction. This results in a
net landward-directed
transport of particles, as
presented in Figure 10b
(Gatto et al., 2017;
Pritchard & Hogg, 2003).
A landward decrease in
bed-level may also lead to
net transport of
suspended sediment, as
settling lag effects reduce
in landward direction.
Consequently, the pick-up
of the particle at the onset
of ebb is caused by
approximately the same
water parcel that
transported the particle
landward. This can be
seen in Figure 10c (Gatto
et al., 2017; Van Straaten
& Kuenen, 1958).
Furthermore, if there is a
(partly) progressive tidal

wave, the deposition threshold is attained at a lower water depth during ebb than
during flood. Again, this leads to net landward displacement of the particles, as

depicted by Figure 10d (Gatto et al., 2017).

Lag effects also have a temporal character, which is caused by time-varying sediment
characteristics due the micro-scale sediment trapping mechanisms, such as flocculation (see

micro-scale mechanisms) (Gatto et al., 2017).

Baroclinic mechanisms

Baroclinic mechanisms are the assembly of interactions between fine sediment and
hydrodynamic processes, which are driven and/or affected by density differences. Density
differences in an estuary are primarily induced by the transition between fresh water discharge
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and the salty sea water. Major baroclinic processes are: gravitational circulation (direct
mechanism) and internal mixing asymmetries (indirect mechanisms) (Burchard et al., 2018).

@ Strong mixing “
Water transport
@ Medium mixing I

@© Weakmixing

Marine water Brackish water Fresh water

SPM transport

Estuarine
circulation

v
Bottom pool %, Bé@sans

Figure 111 Estuarine gravitational circulation due to which sediment transport fluxes convergence that lead to
the creation of a mud pool of both marine and fluvial sediments, and consequently to the formation of an ETM
due to resuspension of the pool during tidal flow (Burchard et al., 2018)

Gravitational Circulation

Gravitational (or: classical estuarine) circulation is caused by the longitudinal baroclinic
pressure gradient, which is generated by the difference in salinity between the sea and the
estuarine/fluvial water. The pressure gradient results in a characteristic exchange flow with
up-estuarine flow near the bottom and down-estuarine flow near the surface. This is visualized
in Figure 11. Mixing counteracts the circulation (Becherer, 2013a; Geyer & MacCready, 2014;
Hansen & Rattray, 1965; Jay & Musiak, 1994; MacCready & Geyer, 2010; Pritchard, 1956;
Simpson, Brown, Matthews, & Allen, 1990; Stacey, Burau, & Monismith, 2001; Stacey,
Monismith, & Burau, 1999).

Mixing asymmetry

Longitudinal mixing asymmetries can yield residual estuarine exchange flow, as they initiate
different current velocity and SSC profiles between ebb and flood tide respectively (Jay &
Musiak, 1994). It is expressed in vorticity. Mixing asymmetries are considered as an indirect
mechanism, as they are dependent on the tidal current velocities. Tidal mixing asymmetries
can be subdivided in external mixing and internal mixing asymmetries (Becherer, 2013a).
Furthermore, longitudinal mixing asymmetries may be induced by asymmetries caused by
vorticity in another plane of orientation. This is due to momentum rectification, which is the
redistribution of along-channel momentum caused by the transformation of horizontal vorticity
in longitudinal vorticity through lateral circulation (Becherer, 2013a; Burchard, Hetland, Schulz,
& Schuttelaars, 2011; Huijts, De Swart, Schramkowski, & Schuttelaars, 2011; Lacy, Stacey,
Burau, & Monismith, 2003; Lerczak & Geyer, 2004; Scully, Geyer, & Lerczak, 2009).

1. Internal mixing: tidal straining
Internal mixing asymmetries are mechanisms associated with time-varying vertical
stratification and its inhibiting effect on the vertical momentum flux. An asymmetric
degree of baroclinicity over the tidal cycle leads to a mixing asymmetry, and hence,
residual longitudinal circulation. The most prominent internal mixing asymmetry is tidal
straining, or strain-induced periodic stratification (SIPS) (Simpson et al., 1990; Stacey
et al., 1999).
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Figure 121 Sketch of tidal straining mechanism, which induces asymmetrical generation of turbulence throughout
the brackish stretch of the estuary, resulting in a residual current velocity profile.

As during flood tide more saline water is advected with the maximum currents, there
is unstable stratification, and hence, intensified mixing. This corresponds to a positive
contribution to longitudinal vorticity and, hence, a more homogenous current velocity
profile. In contrast, during ebb tide, less saline water is advected on top of the saltier
water. Therefore, there is some re-stratification during ebb tide: straining of the
isohalines. This damps the turbulence, which is a negative contribution to the
longitudinal vorticity. Consequently, a more sheared along-channel velocity profile
persists. This results in a similar residual current velocity profile, as classical
gravitational circulation, which can be observed in Figure 12 (Becherer, 2013a; Jay &
Musiak, 1994; Simpson et al., 1990).

2. External mixing

External tidal mixing is caused by barotropic mechanisms, which may lead to tidally
asymmetrical generation of turbulence, such as tidal rectification. Most important is the
longitudinally-oriented  peak-velocity —asymmetry.  Other differently-oriented
mechanisms may also induce longitudinal vorticity through momentum rectification,
such as lateral circulation due to bend flow. However, since the same mechanism
occurs during flood and ebb tide, these differently-oriented vorticities may not
contribute to longitudinal circulation (see Figure 13). Nevertheless, the interaction of
external mixing due to horizontal and lateral viscosity with a lateral buoyancy gradient
may lead to asymmetric generation of turbulence over a tidal cycle: see internal mixing
due to lateral circulation in the below (Becherer, 2013a; Buijsman & Ridderinkhof,
2008).

3. Internal mixing asymmetry: lateral circulation

Residual longitudinal circulation may also be caused by mixing asymmetries through
momentum rectification of lateral vorticity in combination with a horizontal salinity
gradient, created by horizontal vorticity (Wong, 1994). This is due to the internal
tendency of re-stratification, which leads to lateral circulation over the tidal cycle.
Depending on the relative orientation of the lateral circulation and the horizontal
circulation, mixing may be intensified or dampened: surface water advected to the
maximum (minimum) tidal currents near the surface (bed) increases (decreases)
longitudinal vorticity. Three mechanisms may induce a horizontal salinity gradient
caused by differential advection, as can be seen in Figure 13 (Becherer, 2013a; Geyer
& MacCready, 2014):
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Figure 131 Different drivers of lateral circulation induced by lateral depth variations, Coriolis forcing and
curvature forcing and their interaction with a baroclinic pressure gradient during flood and ebb respectively
(Becherer, 2013a).

- Coriolis deflection
Maximum tidal currents are asymmetrically advected towards opposing banks over
the tide, advecting more (less) saline water to one (other) bank, leading to
symmetric lateral circulation.

- Centrifugal deflection:
Maximum tidal currents are symmetrically advected towards the outer bend,
advecting more (less) saline water to the outer bend during flood (ebb) tide, leading
to asymmetric lateral circulation.

- Depth differences
Maximum tidal currents are symmetrically advected towards the deeper parts,
advecting more (less) saline water to the deeper parts during flood (ebb) tide,
leading to asymmetric lateral circulation.

Internal mixing asymmetries only occur if the degree of baroclinicity is low, such as in well-
mixed estuaries (Chant, 2002; Chant & Wilson, 1997; Kim & Voulgaris, 2008; Lacy &
Monismith, 2001).

2.2.2 Micro-scale mechanisms

Another group of sediment trapping mechanisms is formed by micro-scale mechanisms.
These mechanisms, which dominate the vertical sediment transport within the water column,
tend to influence the supply to and pick up of SPM from to the bed, and hence the local
availability of sediment.

In general, fine sediment is distributed in layers in the vertical (see Figure 14): there is a dilute
suspension in the water column according to a balance between turbulence and gravity of the
sediment particles. Furthermore, a high-concentration fluid mud layer may be formed on the
bed which consolidates over time to form a muddy bed layer. Non-cohesive SPM is distributed
likewise, although this may not form a fluid mud layer. An overview of important micro-scale
mechanisms is given in Figure 14. These mechanisms (settling, flocculation and break-up,
deposition, resuspension (erosion, entrainment), consolidation, diffusion, advection) are
discussed in the remainder of this subsection.
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Figure 147 Overview of micro-scale mechanisms for SPM in water column and in bed for cohesive sediment
(after: (Van Rijn et al., 1993))

Settling

Settling is the downward motion of SPM under the influence of gravity. If the SSC is sufficiently
low, non-cohesive SPM can settle freely with velocities proportional to their size and density
(Van Rijn et al., 1993). Hindered settling effects may come into play during high SSC (Amy,
Talling, Edmonds, Sumner, & Lesueur, 2006; Pierre Le Hir, Cayocca, & Waeles, 2011; Lockett
& Al-Habbobby, 1974; Manning, Baugh, Spearman, & Whitehouse, 2010; Winterwerp, 1999).
Moreover, non-cohesive and cohesive SPM may interact with each other during setting
(Manning et al., 2010; Mitchener & Torfs, 1996; Van Ledden, Van Kesteren, & Winterwerp,
2004).

Flocculation and break-up

Furthermore, settling of cohesive SPM may be affected by flocculation (floc formation), which
is counteracted by break-up of flocs. For cohesive sediments, in specific, the settling velocities
are modified by the formation of flocs, depending on their size and relative density
(Winterwerp, 1999). Flocculation is dependent on the collision frequency of particles and the
break-up forces. Therefore, it is dependent on suspended concentration and turbulence
(Pierre Le Hir et al., 2011; Shi, 2010; Van Leussen, 2011). Two types of flocs may be formed,
inducing a bi-model floc distribution (Van Leussen, 2011):

- Microflocs
Microflocs are small and dens flocs, which are particularly formed at low sediment
concentrations. They are characterized by strong bonds, such that the flocs are
preserved during high turbulence and may eventually deposit, as they resist the
disruptive near-bed shear stresses.

- Macroflocs
These flocs are formed by microflocs at high concentration and cannot resist
turbulence or bed shear. Consequently, macroflocs are broken down in the water
column or resuspended quickly once deposited.

Flocculation may be enhanced by salinity and biological polymeric substances (Tolhurst, Gust,
& Paterson, 2002).
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Deposition

Near-bed SPM may be deposited if the bed-shear stress is sufficient low. Deposition fluxes of
different sediment classes are proportional to the product of their respective bottom
concentration and settling velocities (Le Hir, Cayocca, & Waeles, 2011). Four ranges can be
distinguished, which are based on the SSC (McAnally, 2007; Van Rijn, 2005):

- Free settling range (concentrations smaller than ~0.3 g/l)

- Flocculation settling range (concentrations from ~0.3 to ~10 g/l)
- Hindered settling range (concentrations larger than ~10 g/l)

- Negligible settling range

Depending on the settling stage and the magnitude of the (critical) bed shear stresses, there
may either be full deposition, hindered/partial deposition of flocs, deposition as fluid mud, or
no deposition. Furthermore, deposition of SPM may be affected by sand-mud interactions
(Van Rijn et al., 1993).

Fluid mud

Fluid mud is a viscoplastic high-concentration suspension of fine sediment particles in which
settling is substantially hindered by the close proximity of sediment particles and flocs, but
which has not yet formed an interconnected matrix of bonds strong enough to eliminate the
potential for mobility. It is a transitional phase between the hindered settling and (primary)
consolidation phase. Fluid mud is formed by abundant local and supplied mud, and generally
important at the location of the ETM, as well as its transport (e.g. shear flow, entrainment)
(Azhikodan & Yokoyama, 2018; Becker et al., 2013; Mcanally et al., 2007b; Parsons et al.,
2005; Torfs, Mitchener, Huysentruyt, & Toorman, 1996; L. C. Van Rijn, 2016; Yuanyang,
Roelvink, Weihua, Dingman, & Fengfeng, 2014).
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Figure 157 Sand-silt-clay triangle with transitions for cohesion (red line) and network structure (Areas I-VI),
as separated by the critical volume fractions of sand (green dot-dashed lines) and silt (blue dot-dashed lines)
(Van Ledden et al., 2004).

Consolidation

Consolidation is a process of floc compaction under the influence of gravity forces. Pore water
is expulsed from the fluid mud, which results in a gain in strength of the bed material. Three
distinct consolidation stages can be distinguished (Torfs et al., 1996; L. C. Van Rijn, 2016):
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- Hindered settling phase (hours-days):

- Primary consolidation phase (weeks-months): density of ~100-200 kg/m?

- Secondary consolidation phase (Terzaghi-type consolidation; months-years): ~1,000-
1,200 kg/m?3

Consolidated bed
The structure of a consolidated bed depends on the deposition rates of sand and mud.
Various bed types may form, which can be classified according to their network structure
(see
Figure 15) (Flemming, 2000; Pejrup, 1988; Van Ledden et al., 2004):

- Non-cohesive sand-dominated (I): sand volume fraction of 40-50%
- Cohesive sand-dominated (I1): sand volume fraction of 40-50%

- Non-cohesive mixed (lIl)

- Cohesive clay-dominated (IV)

- Non-cohesive silt-dominated (V): silt volume fraction of 40-50%

- Cohesive silt-dominated (VI): silt volume fraction of 40-50%

Advection
The transport of SPM in the dilute suspension layer is caused by advection due to tidal
currents. Transport may occur in three modes (Van Rijn, 2016):

- Non-saturated mud transport in conditions with mud percentages in the bed < 30%
(supply-limited conditions)

- Saturated mud transport in conditions with percentages if mud in the bed >70% (bed-
dominated conditions) (Bagnold, 1962; Xu, 1999; Winterwerp, 2001, 2006, 2011; Van
Rijn, 2007, 2015).

- Over-saturated mud transport in conditions with a large input of mud from upstream in
combination with hindered settling effects resulting in hyper concentrations (supply-
dominated conditions).

Diffusion

The mechanism of upward movement of SPM is called diffusion and is caused by the net
effect of turbulence, as turbulence advects suspended particles both upwards and downwards
in the water column.

Resuspension

Erosion of bed material is dependent on the bed shear stress and bed shear strength, which
is a function of the mud content. Sandy beds with certain critical mud content, may either show
non-cohesive (Alvarez-Hernandez, 1990), or cohesive behavior (Jacobs, Le, Van Kesteren, &
Cann, 2011; Kuti & Yen, 1976; Murray, 1976):

1. Non-cohesive (granular) behavior
Erosion and mobilization of non-cohesive beds is described by the deviation with
respect to a specific equilibrium situation in which supply of sediment equals erosion.
This equilibrium transport is fully dependent on the flow conditions, if sediment is
abundant. (Van Rijn, Nieuwjaar, Van der Kaay, Nap, & Van Kampen, 1993).

2. Cohesive behavior
For cohesive beds there is no equilibrium. Instead, resuspension of cohesive beds is
dependent on flow condition and bed properties (Winterwerp, Kesteren, Van Prooijen,
& Jacobs, 2012). There are four resuspension modes for cohesive sediments:

1. Entrainment

2. Erosion of individual flocs,

3. Erosion of surface layers (drained failure);

4. Erosion of lumps of mass (undrained failure)
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The transition between cohesive and non-cohesive behavior is also depending on the grain
size of the sand (Jacobs et al., 2011; Pierre Le Hir, Cann, Waeles, Jestin, & Bassoullet, 2008;
Pierre Le Hir et al., 2011; Panagiotopoulos, Voulgaris, & Collins, 1997; Van Ledden et al.,
2004).

2.3 Summary

Trench siltation in an estuary is dependent on the gross sediment transport fluxes and
trapping efficiency of the trench. The sedimentation distribution over the trench is dependent
on the distribution in gross sediment transport over the cross-section and the difference in
gross sediment transport over the tidal cycle.

The gross sediment transport fluxes are dependent on the interconnectivity of sediment
transport and trapping mechanisms, which affects the local hydrodynamics and
determine the sediment availability by inducing net sediment transport fluxes over the
estuary. At the location of zero residual sediment transport, fine sediment is trapped in a mud
reach. As this mud reach is cyclically resuspended by the tidal flow, an estuarine turbidity
maximum (ETM) is induced within the estuary, at which high suspended sediment
concentrations are present. Consequently, high gross sediment transport fluxes can be found
near the ETM, which may lead to high trench siltation rates.

Sediment trapping and transport mechanisms can be subdivided in:

- Macro-scale mechanisms
These mechanisms are responsible for the general sediment transport and trapping
patterns in the estuary. These mechanisms can either be caused by barotropic
(density gradients unimportant) and baroclinic (density gradients important)
mechanisms. Furthermore, the three-dimensional mechanisms can be partitioned in
working direction (direct or indirect) and in three planes of orientation: longitudinal,
horizontal, and lateral. Important large-scale mechanisms are: lag effects, tidal
rectification, Sto k e s ff) mixing asymmetries, and gravitational circulation.

- Micro-scale mechanisms
These mechanisms dominate the sediment transport within the vertical. They may act
within the water column (settling, advection, diffusion), near the bed (deposition,
resuspension), in the bed (consolidation) or on particle scale (flocculation, break-up),
thereby altering the supply and pick-up of sediment to/from the bed, and consequently,
the trapping of sediment.

The trapping efficiency of the trench is mainly determined by the alignment of the trench
with the local governing currents and to a lesser extent to the dimensions of the trench:
depth with respect to the ambient depth of the domain, and width.

All identified sediment transport and trapping mechanisms in the theoretical framework are
summarized in Figure 16, which concludes this chapter. The scheme takes is build up
according to the same subdivision, described in this study. Details on the individual
mechanisms can be found in Appendix A. Although the scheme is opted to be applicable for
a wide range of estuaries, in the remainder of this thesis, this scheme is used as background
to find which mechanisms are governing for trench siltation near the ETM of a well-mixed
estuary.
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3 Study Area Description

This chapter will summarize the characteristics of the Scheldt Estuary in general, and in detalil
for the area of interest at the location of the trench, as both systems are highly interconnected.
The purpose of this study area description, which was guided by the theoretical framework in
Chapter 2, is to become familiar with the system in order to:

- obtain the characteristics of the system to be implemented/captured in the detailed
numerical model,

- verify the modelling results of the detailed numerical model,

- identify possible governing sediment trapping mechanisms which cannot be captured
by the detailed numerical model;

- discover the applicability of the findings of this thesis.

A more detailed study area description of the entire Scheldt Estuary can be found in Appendix
B.
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Figure 17 1 Overview of the Scheldt Estuary.

3.1 Scheldt Estuary

The Scheldt Estuary is a tide dominated water body on a coastal plain through which the
Scheldt River and its tributaries discharge water into the North Sea. It extents up to the tidal
limits of the Scheldt river and its tributaries. The tidal limit of the Scheldt river is located at 156
km from the river mouth up in Ghent, at which the tidal wave is blocked by a sluice.

3.1.1 Geomorphology

The estuary has a funnel-shaped geometry; its width reduces from about 6000 m between
Flushing and Breskens to less than 100 m near Ghent (Bolle, Wang, Amos, & De Ronde,
2010; Wang, Jeuken, Gerritsen, De Vriend, & Kornman, 2002). It can be subdivided into the
following geomorphological parts (see Figure 17); from downstream to upstream (Baeyens,
Eck, Lambert, Wollast, & Goeyens, 1998):
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1. Lower estuary (Western Scheldt):
The Western Scheldt runs from mouth between Flushing and Breskens to the Belgian-
Dutch border. It is characterized by a braided network of a separate flood and ebb
channel (Winterwerp et al., 2001). In front of the Western Scheldt lies a large ebb tidal
delta, known as the Vlakte van de Raan.
2. Upper estuary (Sea Scheldt):
The braiding network of the lower estuary stops at the Belgian-Dutch border, at which
the estuary becomes a one channel system: the upper estuary. The so-called Sea
Scheldt can be divided in two parts (Maris et al., 2014):
i Lower Sea Scheldt
This brackish water body has one meandering tidal channel with relatively small
mudflats and salt marches (Maris et al., 2014; P. Meire et al., 2005).
1 Upper Sea Scheldt and tidal-dependent tributaries:
The Upper Sea Scheldt is characterized by a long tidal-dependent freshwater
zone, which is composed of the Scheldt River up to Ghent, and the tidal-
dependent parts of its tributaries: Nete, Dijle, Zenne, Durme, Leie, and Dender.

The Scheldt Estuary becomes shallower in landward direction: from width-averagely 14.25 m
TAW at the mouth, to only 3 m TAW near Ghent. Furthermore, intertidal flat area increases
up to the Lower Sea Scheldt, after which it reduces in landward direction (Plancke, Vereecken,
Vanlede, Verwaest, & Mostaert, 2014).
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Figure 18 1 Water surface profiles in the Scheldt Estuary for each hour after HW in Flushing (Pieters, 2002).

3.1.2 Tide

The Scheldt Estuary predominantly has a semidiurnal macrotidal regime, as it is excited at its
mouth by a very regular (slightly distorted sinusoidal) tide, which is present in the North Sea.
The amplitude of the tidal discharge at the estuary mouth has an annual average of 50,000
m3/s (Verlaan, 1998; Wang et al., 2002). The estuary has a strong spring-neap cycle.

The vertical tide is initially amplified by a combination of funneling, reflection, and shoaling of
the tidal wave, caused by the shallow funnel-shaped geometry of the estuary. Upstream of
Schelle, the tidal amplitude decreases rapidly due to increased frictional damping (Van Rijn,
2011; Winterwerp, 2013). Furthermore, the tidal wave is steepening in the estuary.

The horizontal tide runs ahead of the vertical tide by approximately 1-2 hours. This makes the
tidal wave partially progressive, partially standing. This is common in long, funnel-shaped
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estuaries. At the landward limit of the estuary a fully standing wave is observed, as the wave
is reflected by a sluice (Van Rijn, 2011).

Typical tidal peak-velocities of 1.0-1.5 m/s are found in the estuary. As a consequence, the
tidal excursion length is approximately 10 to 20 km (Van Rijn, 2011), depending on the
governing tide and river discharge.

Asymmetry

In general, the asymmetry in the horizontal tide shows different behavior compared to the
asymmetry in the vertical tide. The flood dominant vertical tide at the estuary mouth decreases
in flood dominance up to Bath, after which it shows increasingly flood dominance in landward
direction. The asymmetry of the horizontal tide is, cross-sectionally averaged, however, rather
weak, with no clear dominancy. This is believed to be caused by the hypsometry of the estuary
(Wang et al., 1999). Residual tidal currents are dominated by St o k e ft &nd Horizontal
Eulerian currents: ebb channels generally show strong ebb dominance and flood channels
strong flood dominance (Bolle, 2006; L. C. Van Rijn, 2011b).

3.1.3 River discharge

The annual average river discharge of the Scheldt amounts 104 m3/s. However, since the
Scheldt River is typically a rainfed river, it shows strong seasonality: the average discharge
may vary from 60 m%s during dry summers, to 180 m?¥s during wet winters. The maximum
instantaneous discharge may reach 600 m%s. The fresh water supply is, therefore, small
compared to the tidal discharge, contributing to only about 0.5% of the tidal volume (Baeyens
et al., 1998).

3.1.4 Wind

The dominant wind in the Scheldt Estuary are the westerly winds, coming from the southwest.
These winds have an average wind speed of 5 to 10 m/s, while during storms the wind speed
may reach 20-25 m/s. The wind climate is subject to seasonality. There are stronger and more
frequently occurring westerly storms present during winter than during summer. Also, easterly
storms occur in winter, which may have a wind speed of 15-20 m/s (B. W. F. Van Rijn, 2012).

Due to wind set-up, water levels at Flushing can raise another 3.0 - 4.5 m NAP during a severe
westerly storm (Kuijper & Lescinksi, 2013). Wind has not been reported to influence the
hydrodynamics in estuary directly.

3.1.5 Waves

Waves are limited to the western part of the estuary (< 40 km). Further upstream from the
mouth, the influence of waves is negligible due to dissipation, sheltering and small fetch
lengths (Chen, Wartel, Van Eck, & Van Maldegem, 2005; Van Kessel, Vanlede, & de Kok,
2011).

The wave climate is characterized by a combination of short-crested waves propagating from
the North Sea into the Western Scheldt, and locally generated waves. To a lesser degree,
also, swell waves, which are generated in the northern part of the North Sea, may be present
at the mouth of the estuary (B. W. F. Van Rijn, 2012).

The yearly-averaged significant wave height at the estuary mouth is 0.8 m, with peaks of 2-3
m during severe storms. The peak period of the waves ranges from 2 to 10 s. The highest
waves are generated during north-westerly winds due to a longer fetch (Sistermans &
Nieuwenhuis, 2004; Van der Werf et al., 2015).

3.1.6 Salinity

The salt limit in the Scheldt Estuary is located on average between Kruibeke and Rupelmonde
(see Figure 19) , which is primarily determined by the magnitude of the river discharge: during
high river discharge, seawater only penetrates to about Antwerp (~80 km from mouth),
whereas during low discharge it penetrates upstream of Rupelmonde (>100 km). Salt intrusion
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retreats quickly during river floods. However, the salinity is not able to recover from this
instantaneously; there is a strong lag of approximately 5 days. At the mouth, salinity is nearly
constant with a magnitude of 32 g/l. Over a tidal cycle, there is an additional shift in salinity of
approximately 10 km. (Baeyens et al., 1998; Chen, Wartel, Van Eck, et al., 2005; Fettweis &
Sas, 1997; P. Meire et al., 2005; Van Kessel et al., 2011).
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Figure 191 Longitudinal salinity distribution in the Scheldt estuary for a high and a low discharge situation (after
Claessens (1988) and Verlaan (1998)).

Over the vertical, the salinity is nearly uniform, given the average difference of only 1a .
(Fettweis & Sas, 1997; Van Kessel et al., 2011). Furthermore, horizontal salinity gradients are
reported in the Scheldt Estuary (Winterwerp, Wang, Van der Kaalj, Verelst, & Bijlsma, 2006).

3.1.7 Residual current

In general, the residual current velocity in the lower estuary is directed towards to the sea at
the surface, while it is directed in landward direction at the bottom. This is due to salinity-
induced circulation. In the upper estuary, the residual currents in the bottom layer are also
directed seaward due to the greater influence of the river run-off. Also, the return current due
toSt okes 6 dr i ftabeimportanombe sedveard dirgcted residual current. The area
of zero net residual bottom flow is located approximately at 70 km distance from the mouth,
shifting up- and downstream, depending on the conditions. Locally, horizontal tidal rectification
influences the direction of the residual currents (Baeyens et al., 1998; Chen, Wartel, Van Eck,
et al., 2005).

3.1.8 Sediment

Both sand and mud are present in the Scheldt Estuary. Sediment is generally transported as
suspended load (fine sand and mud), although there is some sand transported as bedload
(~10-20% of suspended load) as well (Van der Werf & Briere, 2014).

Bed Composition

The median grain size and bed composition in the Scheldt Estuary are strongly varying in
space. In general, the bed composition consists of fine to medium grained sand with a grain
size of 170 um (+/- 61 pum). The bed layer has an average mud content of about 16.4% (+/-
29.9%) (Van Eck, 1999).

In Table 1, it can be seen that the bed material first becomes finer in landward direction, after
which it coarsens again (Kuijper, Van der Kaalj, & De Goede, 2006; Van den Neucker et al.,
2007; Van Eck, 1999). Related to this distribution, an increasing mud content is observed in
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landward direction along the estuary from its mouth, which sharply increases towards Antwerp
(>50%), and decreases again in landward direction in the Upper Sea Scheldt (Van Ledden,
2003).

Table 17 General sediment characteristics throughout the Sea Scheldt for distinct areas over the cross-section.

_
Location

Western 300

Scheldt Inner 150 50—150 <125 ~0.1O ~0.35 ~O.5
Lower Sea 93+10  84+10 - 0.42 0.57 s
Scheldt 169+26 93+6 - 0.15 0.23 -

Upper Sea Scheldt 230+28 84+6 - 0.14 0.35 -

The bed sediment characteristics, however, differ greatly within the cross-section. In general,
the grain size diameter of the bed material is found to be larger in the channels than on the
shoals and estuarine margins (Van Eck, 1999). In contrast, the percentage of mud is generally
much larger alongside the estuarine margins, and at the intertidal and subtidal areas,
(McLaren, 1994). In the Sea Scheldt, a similar distribution over the cross-section can be found
(Van den Neucker et al., 2007).

The composition of the mud consist of approximately 35% lutum (clay minerals, organic matter
and carbonates) and 65% silt (quartz) (Braat, Van Kessel, Leuven, & Kleinhans, 2017; Wartel,
1977). It can be physically classified as silty-clay and sandy-clay (\Wartel & van Eck, 2000).
The organic fraction is found to be approximately 8.5-25% of the dry weight. The typical
settling velocity of the individual particles is estimated to be 0.1-0.4 mm/s. Furthermore, the
mud has a critical erosion velocity of approximately 0.56 m/s (Chen, Wartel, Van Eck, et al.,
2005).

Transport

The local fining of sediment is explained by the longitudinal residual currents in the estuary,
which induce zero residual sediment transport in the mesohaline part (Bath-Antwerp) of the
estuary. Consequently, fine sand and mud are trapped in this area: residual transport of
sediment in the lower estuary is landward directed, while it is seaward directed in the upper
estuary (Cleveringa, 2013; Cleveringa & Dam, 2013; Haecon, 2006; Vandenbruwaene et al.,
2017). Due to this convergent transport, there exists a sharp transition zone in the type of
mud: fluvial mud dominates the upper estuary, while marine mud dominates the lower estuary
(Chen, Wartel, Van Eck, et al., 2005; Jacobs, 2011; Ten Brinke, 1994; Terwindt, 1967;
Verlaan, 2000; Wartel & van Eck, 2000). Therefore, most (~80%) of the fluvial mud is retained
by the Scheldt Estuary.

The fluvial supply is strongly correlated with actual river discharge: ~90% of the mud is
discharged during the ~10% highest run-off events (Van Kessel, Vanlede, & Bruens, 2006;
Van Kessel et al., 2011). The mud transport in the Scheldt Estuary is often divided in two
fractions: a permanently suspended fraction (wash load) and a tidally-fluctuating fraction,
which is alternately deposited and resuspended during a tidal cycle (Van Kessel et al., 2006).

Flocculation may contribute to the trapping of mud in the mesohaline part of the estuary, due
to intensified deposition, although studies differ (Chen, Wartel, & Temmerman, 2005; Van
Kessel et al., 2011; Wollast, 1988). In the Scheldt Estuary, the floc size is dependent on the
current velocity, turbulent intensity, organic content and the SSC, rather than salinity (Chen,
Wartel, Van Eck, et al., 2005; Temmerman, Govers, Wartel, & Meire, 2003; Van Kessel et al.,
2011). Floc sizes are found to vary within a tidal cycle (Manning et al., 2007).

Estuarine turbidity maximums

The SSC varies significantly throughout the estuary. In the lower estuary, the distribution of
SPM over both the horizontal and vertical is rather uniform, while there is a lot of variation in
the middle and upper estuary (Chen, Wartel, Van Eck, et al., 2005; Van Kessel et al., 2011,
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Verlaan, 1998). Usually three ETMs are observed, which may be present depending on the
prevailing conditions (Chen, Wartel, Van Eck, et al., 2005):
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A marine-dominated ETM is observed in the mouth of the estuary between Flushing
and Zeebrugge and reaches more than a few hundred mg/l. It is caused during storms
by a combination of wave and tidal energy, which resuspends marine mud from the
shoals. This entrained mud is advected throughout the estuary (Chen, Wartel, Van
Eck, et al., 2005).

A river-dominated ETM is located near Ghent and is present during high river
discharges. SSC may be up to 300 mg/I.

Energy Distributions in the Scheldt Estuary
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Figure 201 Energy distributions in the Scheldt Estuary (Chen et al., 2005).

The most prominent ETM is situated in the entire Lower Sea Scheldt (58-100 km) with
maximum near-bed SSC of several hundreds of milligrams to grams per liters near
Antwerp. | t 6 s cpnrbe ex@aineddy two factors (Van Kessel et al., 2011):

1 alarge availability of mud in the area, caused by the convergence of mud

9 strong resuspension due to maximal total energy in the area (see Figure 20)

caused by tide- and river-energy

The ETM show variation on several time scales (Chen, Wartel, Van Eck, et al., 2005;
Van Kessel et al., 2011):

1. Flood-ebb tide (asymmetry, hysteresis, turbulence, sediment availability):
The ETM is more prominent (factor 2-10) during maximum flood and ebb
velocities, and nearly absent during the slack waters. Additionally there is
higher-order variation in SSC over a flood or ebb period. This is explained by
differences in turbulence, peak-velocities, floc size, varying sediment supply,
and the inhomogeneous composition and distribution of the fine sediments in
the bed (Fettweis & Sas, 1997; Manning et al., 2007).

2. Spring-neap tide:
The SSC in the ETM may be 2-3 times greater during spring tide than during
neap tide due to greater tidal current velocity magnitudes. This makes that the
spring cycle is characterized by erosion and the neap cycle by deposition of
fine material. At the bed the difference in concentration is smaller during a
spring-neap cycle than higher up in the water column (Fettweis & Sas, 1997).

3. Seasonal variations:
The ETM is highly dependent on the seasonality with higher concentrations in
the winter than in summer by at least a factor 2. This is predominantly caused
by an increase in fresh water discharge of the river, and to a lesser extent by
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an increase biological activity in the spring and summer. Furthermore, storm
surges and storm waves increase the marine sediment supply at the mouth of
the estuary (Fettweis & Sas, 1997).
Moreover, the location of the maximum SSC in the ETM may shift between 50
km from the mouth (at the Verdronken Land of Saeftinghe), during high river
discharge, and 110 km from the mouth (at Rupelmonde), at low river discharge.
At the location of 50 km from the mouth, there is less energy, such that mud is
able to permanently deposit (Van Kessel et al., 2011).

4. Decades (climate change, anthropogenic intervention)

3.2 Location of the ETM: Oosterweel

Oosterweel is located in the Lower Sea Scheldt. At this location, the ETM, on average, shows
maximum SSC.

3.2.1 Geomorphology

The bathymetry at the location of the ETM in the Scheldt Estuary is characterized by a single
tidal channel with a minimum depth of approximately 14 m to accommodate for shipping to
the Port of Antwerp. The area has a typical transitional bathymetry from an estuarine (e.g.
flood/ebb chute formation) to a riverine system (e.g. deeper outer bends, bar formation).
Furthermore, there is a meandering pattern of rapidly following opposing bends. The width is
converging from approximately 900 m at Liefkenshoek, to 500 m at Oosterweel, to 400 m at
Kruibeke. There is few intertidal area. A lot of deep harbor (Deurganckdok) and sluice basins
have been constructed along this particular stretch of the Lower Sea Scheldt. The sluices,
such as the Boudewijnsluis, Kallosluis and Royersluis, give access to the tideless harbor
basins of the Port of Antwerp.

3.2.2 Tide

Vertical Tide

Measurements of the tidal water level in 2014 at Antwerp show that there is a rather stepwise
flood period and a gradual ebb period present near the ETM (see Figure 21). It can be seen
that the vertical tide is flood dominant. There is, furthermore, a strong spring-neap cycle.

Current Velocity Profile at Oosterweel
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Figure 211 Current velocity profile at Oosterweel, measured on 16" of May 2014 (after: Plancke et al., 2014).

Horizontal Tide
The yearly-averaged maximum current velocity at Oosterweel is approximately 1.50 m/s
during flood with slightly lower velocities during ebb of around 1.25 m/s. These maxima may
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vary 0.30-0.75 m/s during the spring-neap cycle. The flood current velocity shows two distinct
peaks, which corresponds with the step-wise water level signal. During spring these distinct
peaks are more pronounced than during neap tide. Furthermore, it can be observed that the
ebbing current velocity has a more gradual profile, with a maximum close to the water surface,
while during flood, the profile is more uniform, with a maximum located somewhat beneath the
water surface (Plancke et al., 2014).

Asymmetry

Although the vertical tide shows a strong flood dominancy, the horizontal tide is rather neutral.
Within the cross-section, asymmetry in tidal currents may be strong and opposing due to
horizontal Eulerian residual circulation. Moreover, there is strong residual transverse
circulation found, in particular in the bends (Winterwerp et al., 2006).
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Figure 221 Salinity measurements at Oosterweel for year 2014 (Vanlierde et al., 2014)
3.2.3 Salinity

Salinity at Oosterweel (see Figure 22) shows a great dependency on seasonality and period
within the tidal cycle. The salinity decreases in winter due to increased river discharge, pushing
the saline water seawards, after which it steadily recovers in spring. Also, the spring-neap
cycles can be resolved, but to a lesser extent. Furthermore, it can be seen that the difference
in salinity between HWS and LWS increases in summer. The above corresponds with the
salinity distribution over the estuary throughout the year (recall Figure 19) (Vanlierde et al.,
2014). In the vertical, the salinity profile is fairly uniform over the vertical. Furthermore, strong
transversal salinity gradients are found due to differential advection of salt within the
transverse direction (Winterwerp et al., 2006).

3.2.4 Sediment

Composition

The bed load composition at Oosterweel consists of widely-graded fine sand with a median
grain size diameter of 139 em. Other characteristic grain size diameters are summarized in
Table 2.

Table 27 Characteristic grain size diameters of bottom samples at Oosterweel [in em] (Plancke et al., 2014)
D50 D65 D90
16 106 139 178 327

The characteristic mud contents in the area of the ETM, based on samples, are listed in Table
3. It indicates that there is strong segregation of sediments within the cross-section.
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Table 37 Bed composition for each distinct ecotope (Vandenbruwaene et al., 2017)

Subtidal ~60
Intertidal ~54
Shallow Subtidal ~17
Subtidal ~20
Deep Subtidal ~18
Anthropogenic Subtidal ~86

Most mud is deposited in the calm areas, such as the sluice basins (anthropogenic subtidal
area), shoals (margins) and inner bends. The bed in the calm areas can be classified as sandy-
clay or silty-clay, while the channels contain clayey-sand. Furthermore, certain areas consist
of non-erodible material, such as stiff, consolidated clay lumps, gravel and shells, and
vegetation. This in particular holds in the outer bends of the Lower Sea Scheldt, at which non-
erodible Boom clay is exposed. Furthermore, shoals, such as the Plaat van Boomke, may
consist of hard surface layers (Mathys, 2013).

The grain size diameters of the suspended load, based on samples of suspended matter, are
summarized in Table 4. The suspended load consists of mud (mainly clayey silt) and some
fine sand. It was observed that the composition of the suspended matter did not change
significantly over the tide.

Table 4 1 Characteristic grain size diameters averaged over time of samples of suspended matter at Oosterweel
[in em] (Plancke et al., 2014)

D10 D35 D50 |D65 __|D%O
12 20 31

4 78

Research of Manning et al., (2007) on flocculation at the location of the ETM proved that both

micro- macroflocs are present with a bi-modal distribution. Their respective average floc

di ameters are 4dm0 TmeamdcbHODl ocs tend to have an
approximately 120 kg/m?®and a mean settling velocity of roughly 0.9 mm/s, while macroflocs

have less dense structures (=50 kg/m?), but a faster settling velocity of approximately 3.9

mm/s.

Transport

The gross sediment transport fluxes may be up to 4000 m? per tide. The transport consist of
mainly suspended load (Plancke et al., 2014). Due to horizontal tidal rectification, the fluxes
show maxima at opposing sides within the cross-section. Furthermore, the fluxes are highly
dependent on the location of the maximum SSC of the ETM: a more downstream (upstream)
located maximum increases the flood-(ebb-)directed gross sediment transport flux (Fettweis
& Sas, 1997). Due to the large gross transports, sheltered harbor and sluice basins are prone
to a lot of sedimentation of mud (~1-2 cm/day) (Sas & Verhaegen, 1992)

Dynamics

Measurements of the suspended sediment concentration at Oosterweel, which are plotted in
Figure 23, show that the concentration rapidly increases during both ebb and flood tide.
Furthermore: maximum depth-averaged SSC generally coincide with the maximum depth-
averaged flow velocities: two distinct peaks in SSC during flood, and a more gradual increase
in SSC during ebb. Moreover, at neap tide the concentrations are lower than at spring tide.
SSC between normal tide and spring tide do not seem to differ that much during begin-flood
and begin-ebb tide. Resuspension of bottom sediments is, therefore, found to be highly
important at the location of the ETM. However, the SSC does not always coincide with the
maximum current velocity, but often lags behind due to lag effects (Chen, Wartel, Van Eck, et
al., 2005; Van Kessel et al., 2011). Also some hysteresis can be observed due to differences
in the current velocity and turbulence patterns, but also from local resuspension of
inhomogeneous mud layers (Chen, Wartel, Van Eck, et al., 2005).
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Figure 237 Measured SSC at Oosterweel in year 2014. The 10™, 50", and 90™ percentile are calculated for the
upper station (at 4.5m above bed) for neap, normal and spring tides. Furthermore, these percentiles are
visualized for the lower station (at 1.0m above bed) for normal tide.

Additionally, it can be seen that the SSC is rather uniformly distributed in the vertical around
mid-ebb and mid-flood tide, while during HWS and LWS and begin-ebb and begin-flood tide,
SSC is greater at the bed. Especially during HWS this difference becomes more pronounced,
whereas during LWS concentrations are generally lower.

Floc size measurements during neap tide reveal that the mean floc size at high water the SPM
composes of 80% of macroflocs with an average settling rate of 2.3 mm/s. During maximum
ebb tidal current, the f 1| ¢60% micraflaes). Cankequertly, theo
settling velocity drops by nearly an order of magnitude. Around LW slack tide, the flocs steadily

grow from 200 em with a settlin3j7%edmcwittyh od mne al

velocity of 1.4 mm/s. During flood, the same behavior is found. However, microflocs are more
abundant in this period as there are very dynamic conditions. As a consequence, during the
slack waters, the total settling flux comprises ~97% of macroflocs, while during turbulent
conditions microflocs are more abundant and dominated the settling flux. (Manning et al.,
2007).

3.3 Summary

The Scheldt Estuary is a semi-diurnal, macrotidal, tide-dominated estuary. Its
geomorphology is long and funnel-shaped. The meandering channel(s) decrease in depth
in landward direction, especially in the uppermost part of the estuary. The lower estuary has
a two channel system with increasing tidal flat area in landward direction. On the contrary, the
upper estuary has a one channel system with decreasing tidal flat area in landward direction.

River discharge is relatively small. Therefore, salinity is vertically uniform over the estuary.
This is typical for a well-mixed estuary, in which tidal mixing dominates. Furthermore, there
is a very gradual longitudinal salinity gradient over the estuary, which distribution is highly
dependent on the river discharge: it is pushed seaward during high river run-off. Moreover,
the salinity distribution moves up and down with the tide. Strong transverse salinity
gradients can be found at distinct location in the estuary due to differential advection. Wind
and waves only affect the hydrodynamics of the lowermost part of the estuary.

The estuary is excited by a slightly distorted regular tide with a strong spring-neap cycle. Due
to the geomorphology of the estuary, this wave becomes a partially standing tidal wave,
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which is initially amplified. The distorting vertical tidal wave is increasingly becoming flood
dominant. The horizontal tide, in contrast, is rather neutral. However, there is strong
asymmetry in the horizontal tide within the cross-section due to horizontal residual
circulation. Also strong lateral residual circulation is found (channel curvature, transverse
salinity gradient).

Sediment (sand and mud) is mainly transported as suspended load. Due to a combination of
tidal pumping and salinity-induced circulation (and time-varying flocculation), there is
convergence of transport in the Lower Sea Scheldt. This leads to a wide bottom pool of fine
sediment. As there is maximum energy in this stretch, due to tide and river discharge, there
is strong resuspension of material and, hence, the formation of an estuarine turbidity
maximum (ETM). As a consequence, large gross sediment transport fluxes can be found
at this area. They are, furthermore, opposing within the cross-section due to strong horizontal
residual circulation.

The location and magnitude of the maximum suspended sediment concentration (SSC) in
the ETM show very dynamic behavior in time. There is great seasonality and spring-neap
cycle. Greater concentrations are found during spring tides, and in winter, during which there
is more input of fines due to high river run-off and storms in the mouth. Additionally, there is a
lot of variation over the tidal cycle: the ETM is nearly absent during slack water. SSC generally
corresponds with the current velocity, although some lag effects and hysteresis is observed.
The location of the maximum SSC shifts predominantly with river discharge.
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4 Model Description

In this chapter, the numerical models are defined, which are used in this research to predict
the hydro- and morphodynamics of the system and subsequently the trench siltation rates and
sedimentation distribution over the trench. The choice and set-up of the numerical models is
based on their included processes and characteristics, which were found to be governing in
estuaries (Chapter 2) and/or in specific for the (area of the ETM in the) Scheldt Estuary
(Chapter 3). Details on the models can be found in Appendix E.

Firstly, the already developed and validated NEVLA3D (NEderlands-VLAams 3D) model is
discussed. It models the hydrodynamics of the entire Scheldt Estuary. The numerical model
produces incredibly accurate results and is, therefore, extensively used in various research
studies. As NEVLA3D does not model mud and sand transport, the hydrodynamic output is
regularly used by water quality modules to model the mud dynamics in the estuary.

In this research, the already developed and validated LTV Slib (Long Term Vision Mud) model
is used to model the large-scale mud dynamics of the Scheldt Estuary. This water quality
module imports the modelled hydrodynamics of NEVLA3D. The model reproduces the mud
dynamics very accurately.

Lastly, the detailed model around the ETM, which was set up in this research, is specified.
This model, named SETMO (Scheldt Estuary Turbidity Maximum Oosterweel model), predicts
the local hydrodynamics and sediment dynamics of both sand and mud in the area. The
hydrodynamics of SETMO are driven by NEVLA3D, while the mud dynamics are regulated by
LTV Slib.

4.1 NEVLA3D

NEVLA3D is set up in the module WAQUA (WAter movement and water QUAIity modelling)
of the numerical model SIMONA (Simulatie MOdellen NAtte waterstaat) by Flanders
Hydraulics and Deltares, which was commissioned by Rijkswaterstaat. It models the three-
dimensional hydrodynamics of the entire Scheldt Estuary. In this research, the last updated
version of the model is used, which was calibrated by Chu (2017) for year 2014. General
characteristics are summarized in Appendix E.1. For further details on the model, the reader
is referred to Maximova, ldes, De Mulder, & Mostaert (2009), Grasmeijer (2013), Chu (2017),
and the user manual of SIMONA.

The grid of NEVLASD is visualized in Figure 24. It consists of 1,137,000 grid cells with an
average grid size of approximately 100 x 50 m. In the vertical, the model has six sigma layers.
The time step used in the model is 7.5 s. NEVLA3D includes salinity in its calculations, but no
sediment. Furthermore, an uniform wind field, based on measurements, is taken into account
as extra physical process (Chu, 2017; Vanlede et al., 2015). Above characteristics lead to a
computational time in the order of 2-3 months for a year of simulation.

The upstream hydrodynamic boundary conditions consists of daily measured discharges of
rivers, and sluices and weirs, bordering the estuary. On the downstream end, harmonic water
levels and currents with corrected tidal phases are imposed through two current velocity
boundaries and a Riemann boundary. These time series are derived from ZUNO (ZUidelijke
NOorderzee model). Also, the measured salinity is nested from ZUNO with some corrections.
Furthermore, wind velocities are imposed on the downstream boundary. These are nested
from forecasted wind field data of HIRLAM (High Resolution Limited Area Model), as is used
in ZUNO (Chu, 2017).
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4.2 LTV Slib

LTV Slib is a water quality model, which predicts the mud transport in the Scheldt Estuary. It
is constructed in the Delwaq module of Delft3D. The model imports the grid and the
hydrodynamics of NEVLA3D. This makes LTV Slib computational efficient (1-2 days of
computational time for a year of simulation). Additionally, wave effects are taken into account
based on a separate wave model in SWAN (Simulating Waves Nearshore). Herein, observed
wave spectra are imposed on the North Sea boundaries and the nested wind fields are taken
into account, accompanied by an uniform wind speed and direction, measured at Flushing.
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Figure 241 Model domain of NEVLA3D and LTV Slib; The cells in the model domain of SETMO are indicated in
red.

LTV Slib takes into account two separate mud fractions: a fluvial fraction and a marine fraction.
Both fractions have more or less the same characteristics. The mud transport model calculates
the erosion and deposition fluxes of fine sediment based on the bed shear stresses due to
both currents and waves, and erosion parameters. Advection of mud in the water column is
calculated with the hydrodynamics of NEVLA3D by imposed dispersion coefficients.

In the model, mud is deposited in two layers: a temporarily-varying buffer (fluff) layer and a
thin well-mixed uniform bed layer with constant thickness. 10% of the mud is directly deposited
in the bed, while 90% settles within the buffer layer. Mud is both eroded from the fluff layer
and the bed layer. For details on this model, the reader is referred to Van Kessel & Vanlede
(2010), Van Kessel et al., (2006, 2011), Van Kessel, Vanlede, Kuijper, & De Kok (2007), the
Delwaq User Manual.

4.3 SETMO

SETMO is set up in the SED3D module of Delft3D. It attempts to predict the three-dimensional
hydrodynamics and sediment dynamics of both sand and mud with high accuracy around the
location of the ETM in order to estimate the siltation rate and sedimentation distribution over
the trench of the Scheldt Tunnel at Oosterweel. Consequently, SETMO is aimed to capture
the sediment transport and trapping mechanisms and trench hydrodynamics in detail. This
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could not be achieved by using the existing NEVLA3D model, since its numerical grid is
considered to be too coarse. Therefore, SETMO is designed as a local updated refinement of
NEVLA3D with inclusion of mixed sediment.

The detailed numerical model is calibrated and validated with measurement data and verified
by literature. An overview of the model is given in Appendix E.3. The characteristics of SETMO
are briefly discussed in the remainder of this section.

4.3.1 Domain

Grid

The local updated grid of SETMO is visualized in Figure 25. The grid of SETMO consist of
38,498 horizontal grid cells. The grid lines follow the bathymetry and geometry of the Scheldt
as accurate as possible. The area of interest is covered by horizontal grid cells of
approximately 5 x 5 m, such that there will be at least 10 horizontal grid cells present on the
slopes of the trench. This is to accurately capture the trench hydrodynamics. The grid size
increases exponentially to the boundaries. Here, the grid cells are approximately 100 x 55 m
and 100 x 40 m at the downstream and upstream boundary respectively, at which they
precisely overlap with the grid of the NEVLA model. The purpose of this is hidden in the
derivation and implementation of the boundary conditions, as is further explained in section
4.3.4.

The exponential distribution of the grid size creates a linear and gradual grid refinement
towards the area of interest, thereby improving the numerical accuracy. Furthermore, within
the cross-section, more refinement is given to the channel than the shoals. Reason for this is
that higher accuracy is desired for the fastest flowing water, which is likely to transport the
most sediment.

In the vertical, SETMO consists of 20 layers. The distribution of the layers refines near the bed
and surface to be able to model the shear stresses and turbulence with sufficient accuracy.
This improves the estimation of the pick-up and deposition fluxes of the fine sediment.

Bathymetry

The bathymetry is generated by triangular interpolation of the samples of bathymetric
soundings of the Lower Sea Scheldt and ground height data of the Flemish Digital Terrain
Model. Data of 2014 is used, as is used in NEVLA3D. This is believed to model the
hydrodynamics more smoothly. Near the trench the bathymetric data is replaced by more
recent data of 2017 in order to obtain a more accurate representation of the area of interest.
The different datasets fit each other adequately.

Since the depth values are given to the vertices of the grid cells only, interpolation may
sometimes 6missbd the crest of the di ka@estwerd her ef o
set to the dike height, such that water cannot artificially overtop the dike. The minimum of the

four depth values on the vertices is used in the calculation.

4.3.2 Time Frame

A time step of 1.2 seconds is chosen. This is based on numerical consistency reasons, as is
explained in further detail in Appendix D.4. In general, a period of 2 tidal cycles is chosen as
simulation time, whereas 12 tidal cycles were found to be required to spin-up the bed
composition, and to a lesser extent the spin up of the hydrodynamics, salinity, and SSC.

4.3.3 Included Processes

SETMO takes into account salinity and sediment. Details regarding the algorithm of salinity
can be found in Appendix D.
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Figure 257 Model domain of the SETMO model within the NEVLA3D model domai of the Lower Sea Scheldt;
there is a close up of the model domain at the trench

4.3.4 Initial and Boundary Conditions

Initial Conditions

The initial conditions of SETMO consist of water levels and salinity. For numerical consistency
reasons, the (spin-up) calculation is started with an uniform high water, equal to the water
level on the upstream boundary condition. The initial values for salinity are derived by linear
interpolation between the salinity values of both boundary conditions, as the salinity over the
estuary is diminishing fairly linear in landward direction (as discussed in subsection 3.1.6).
Hence, the initial salinity profile is close to the expected dynamic steady state solution. For the
suspended sediment an initial concentration of 0.3 g/l is imposed for the mud fraction, while
no initial concentration is given for the sand fraction. This is in line with what is typically found
in the area at the time of HW.

Boundary Conditions

Hydrodynamics

Both at the upstream and downstream boundary, discharges per grid cell are imposed.
Although preference was given to an interplay between a water level boundary and a
discharge/flow velocity boundary, or two Riemann boundary conditions, to both fix the
horizontal and vertical water motion, this proved either to be infeasible or led to poorer results
(e.g. the generation of an artificial reflective wave during flood tide).

Constituents

At both boundaries salinity and SSC mud fraction are imposed on the up- and downstream
boundary. For the sand fraction, which is generally transported in equilibrium, an equilibrium
concentration is used through a Neumann condition.
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The boundary conditions for both the hydrodynamics and the constituents are based on
modelled data from the model run of NEVLA3D and LTV Slib for year 2014. The derivation of
the time series is cumbersome, as the output files of these models had a frequency of once in
30 minutes. Furthermore, the vertical grid of NEVLA3D is different than that of SETMO.
Therefore, over the depth, the boundary conditions are obtained with higher order
interpolation. Corrections are applied to the obtained time series, based on the comparison of
layer-integrated and depth-integrated discharges and mass fluxes of the imposed constituents
between the models. In time, cubic spline interpolation is applied to create a smooth signal,
since the vertically interpolated 30-minute interval time series would lead to artificial shock
waves. Details on the applied boundary conditions can be found in Appendix E.4.

4.3.5 Physical Parameters

SETMO takes into account the same physical parameters as NEVLA3D, preferably leading to
the same dynamics. In line with NEVLA3D, the model resolves saline water with its
corresponding physical parameters. The bottom roughness is given as an uniform Manning
coefficient, which equals the value for the particular stretch in NEVLA3D. The depth-
dependent Manning roughness is calculated to spatially- and temporally-varying Chézy
roughness. Furthermore, the model takes into account turbulence through the diffusivity and
viscosity principle, according to the well-known k-Uturbulence model. Details regarding the
physics of the numerical model can be found in Appendix D.

4.3.6 Sediment and Morphology

Sediment

Two co-existing and interacting fractions of inorganic matter are included in SETMO: a
cohesive mud fraction (IM1) and a non-cohesive sand fraction (IM2). This is in line with the
reported literature for the area in ETM. The cohesive fraction is transported in suspension.
The material, which is composed of both fluvial and marine mud, has the same characteristics
as the two separate mud fractions in LTV Slib model. The magnitudes of the pick-up and
sedimentation fluxes are calculated with the Parteniades-Krone formula. Dispersion of fine
sediments over the vertical and the advection throughout the estuary is dependent on the
online modelled hydrodynamics.

Although an additional flocculation module was opted to be implemented in SETMO by the
researcher, as this is one of the identified processes/mechanisms found in the literature study
and study area description, it was decided not to apply it. Reason was that the implementation
and calibration of SETMO was very cumbersome: an additional flocculation module, such as
the Manning model, would, based on expert knowledge, lead to a very long calibration period,
which was not feasible in the given time of this thesis.

In contrast, the non-cohesive fraction, which is considered to be fine sand with a median
diameter of 150 em, is transported both in suspension and as bed load. The underlying
formula, which calculates both fluxes, is known as Van Rijn (1993). Details on both transport
formulae are given in Appendix D.

Morphology

In SETMO, a layered bed stratigraphy with temporarily varying bed layer composition is
implemented with inclusion of a time-dependent fluff layer. This is schematized in Figure 26.
Furthermore, there is interaction between the mud and the sand fraction in the bed. There is
no morphological bed level update in SETMO, as the simulation period is limited. In contrast,
the bed composition is updated. Additionally, no morphological factor is applied. The concepts
of the fluff layer, sand-mud interaction and the layered bed stratigraphy are clarified separately
in the below.

Fluff Layer
Fluff is superficial bed strata, comprised of fine sediment flocs, which are deposited on the
bed during slack water. Due to its low shear strength, the sediment is generally easily eroded
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during the subsequent flood or ebb tide. The fluff layer consolidates over time to a less erodible
bed layer. It is prominently present in estuaries, predominantly at the location of the ETM.
Therefore, the implementation of a fluff layer in the numerical model is vital for accurately
reproducing the fine sediment dynamics (Mathew & Winterwerp, 2017).

___ Water
Column

Fluff
Layer

Transport
Layer
[ | [ Underiayers

I I e

J— Base Layer

Figure 26 1 Schematized overview of the morphological physics in the SETMO model

It works as follows: settling mud is first deposited in the distinct fluff layer (Ds), which does not
contribute to the bed compaosition. Once in the fluff layer, mud is buried in the bed layer
according to a mass-dependent flux (Bs): the more mass in the fluff layer the greater the burial
flux. This burial flux is bounded by a defined maximum.

During flood and ebb tide, mud in the fluff layer is resuspended due to the bed shear stresses.
A resuspension flux is calculated based on the mass in the fluff layer (Es). Again, the flux is
limited by a maximum flux. Also mud from the bed layer is eroded (Eb). This flux is calculated
according to its own similar mass-dependent erosion flux.

Sand-mud interaction

SETMO takes into account separate cohesive and non-cohesive regimes in its domain. This
distinction is made according to a critical mud content in the bed. Based on promising
numerical modelling results of VVan Ledden (2003), the critical mud content is set to 30%.

In the non-cohesive regime, mud is proportionally eroded with sand. Furthermore, the critical
shear stress of sand increases with increasing mud content. In the cohesive regime, the
erosion fluxes of sand and mud are proportional to their respective fractions. The erosion flux
in this regime is calculated by interpolation between the erosion flux in the non-cohesive
regime and fully cohesive regime, in which erosion is calculated according to Partheniades-
Krone.

Layered bed stratigraphy
In SETMO, a layered bed stratigraphy is applied, which is treated in a mixed Lagrangian-
Eulerian frame. Multiple distinct layers are applied:

- Active transport layer
This erodible top layer is prone to sedimentation and erosion fluxes. It has a constant
thickness of only 5 cm. The transport layer can, therefore, be considered as a
Lagrangian layer which moves up (down) during deposition (erosion). This greatly
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reduces the spin-up time of the bed composition. Moreover, the availability of mud is
limited in order to prevent excessive resuspension. If there is erosion of the transport
layer, it will be replenished with sediment of the upper underlayer.

- Underlayers
A number of 5 erodible underlayers is applied below the active transport layer. These
underlayers have maximum thickness and a constant composition. They are treated
in a Eulerian framework. The uppermost underlayer will reduce in thickness during
erosion. During deposition, underlayers are created until the defined number is
reached. If this number is exceeded, the bottom underlayer is merged with the base
layer. The number of layer is chosen such that there is sufficient resolution in the
deposition of mud in the bed, which is then not being lost to the deeper layers.

- Base layer
The base layer is the bottommost layer of erodible sediment without a maximum
defined thickness. It grows in size if there is excess sedimentation. If the active
transport layer reaches the base layer, the base layer is being eroded. If the amount
of sediment is less than the required for the thickness of the transport layer, erosion
fluxes are reduced until all erodible sediment has been eroded.

- Non-erodible layer
This layer of sediment cannot be eroded. This layer is exposed at the non-erodible
areas.

4.3.7 Numerical Parameters

Convergent numerical schemes are used, which are both consistent and stable without
producing too much artificial numerical effects. The discretization and schematization of the
problem works solid and efficient. Details can be found in Appendix D.

4.4 Summary

In this study, a numerical model was implemented, which is aimed to accurately estimate the
trench siltation rate and sedimentation distribution over the trench of the Scheldt Tunnel
at Oosterweel. This model, named SETMO (Scheldt Estuary Turbidity Maximum Oosterweel
model), is designed to capture the three-dimensional hydrodynamics and sediment
transport and trapping mechanisms in the area of the ETM and trench

SETMO is a locally updated and refined model of the existing, large-scale NEVLA3D model.
This overall numerical model predicts the hydrodynamics throughout the whole Scheldt
Estuary. As NEVLA3D has a coarse grid, refinement and update of the model was necessary
in order to reach above aim with sufficient accuracy.

In SETMO the following processes are modelled: salinity and sediment (sand and mud).
The dynamics of sand and mud in both the water column and the bed are taken into account.
It takes into account fluid mud and sand-mud interaction through a layered bed
stratigraphy. Although there is no morphological update, account is taken of sedimentation
and erosion fluxes and the bed composition is updated. The sediment characteristics are
in line with reported values.

The model is driven at its open boundaries by modelled discharges and mud
concentrations per cell, which were derived based on time- and depth-interpolation.
These data originate from the output of NEVLA3D and LTV Slib respectively. The latter
numerical model imports the modelled hydrodynamics of NEVLA3D and predicts the estuarine
mud dynamics. For the sand dynamics, equilibrium concentrations are imposed on the
boundaries.

SETMO simulates a period of two consecutive tidal waves due to high computational time.
Discretization in space and time, schematizations and initial conditions are chosen such that
there is numerical consistency in the model.
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5 Model Validation

This chapter focuses on the validation of SETMO, which was described in detail in Chapter 4.
It explains the methodology used in the calibration of the numerical model. Furthermore, there
is a section dedicated to the available data within the model domain. Eventually, this chapter
presents the validation results of the final calibrated SETMO.

5.1 Methodology

The validation of SETMO is based on the comparison of the following modelled quantities:

- water levels,

- current velocity magnitude,

- current velocity direction,

- salinity;

- suspended sediment concentration,

with measurement data at various locations within the model domain of SETMO for (a distinct
period of time in) year 2014. In order to evaluate the modelling results, two statistical biases
are calculated: the mean error (ME) and the unbiased root-mean-square error (URMSE). The
ME can be calculated according to difference between the average simulated (x) and the
average measured values (y):

e g I

A positive (negative) ME implies an overestimation (under-estimation) of the regarded quantity
by the model. The uURMSE is a measure to quantify the dispersion error of the simulated
guantity. It can be calculated through (Zhang, Zhang, Zhou, Shao, & Gao, 2017):

6°YD "Yd Q0 g O & 00

in which the standard deviations of the modelled and measured quantity are calculated by:
® o h
A positive (negative) uRMSE suggests more (less) variation of the regarded quantity in the

model compared to the measurements.

5.2 Available Data

Above mentioned quantities are monitored in the Sea Scheldt by the WL (Waterbouwkundig
Laboratorium) based on a monitoring campaign, known as MONEOS (MONitoring Effecten
Ontwikkeling-Schets). As known by the researcher, two monitoring programs were carried out
in 2014 in the area of the ETM:

- @ont i n u pointsmeasurements throughout the year at various fixed locations, at
which water levels, currents, SSC, salinity, and/or river discharge may be measured,
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- 13h vertical profile measurements around mid-ebb tide along various transects along
which currents, discharges, suspended sediment concentrations and fluxes are
measured and bed samples are taken.

The locations of the stations and transects are depicted in Figure 27. Conveniently, a
measurement transect and a measurement station are situated close to the location of the
trench. This gave the opportunity to calibrate parameters in such a manner that the modelling
results are accurately describing the measured quantities in the area of the trench. Transect
Oosterweel was measured on the 16" and 17" of May 2014 between 05:30 and 06:00 hours
respectively. Consequently, this was chosen as the validation period.
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Figure 27 1 Measurement locations and transects in the stretch of the Lower Sea Scheldt within the model domain
and their monitored quantities

The validation of the numerical model is mainly based on the data of the measurement
stations, as it became clear that the 13h transects measurements were ill-defined and of poor
quality. Furthermore, during the calibration of the model, more emphasis was given to current
velocity and suspended sediment concentration, since these quantities are generally
considered most important for (suspended) sediment transport.

Moreover, it was decided to compare the results of SETMO with the modelling results of the
overall numerical models. Since the boundary conditions of SETMO are derived from
modelling results of the NEVLA3D and LTV Slib model, which knowingly have errors with
respect to the measurement data, background errors are introduced to SETMO. Unfortunately,
these errors cannot be resolved by calibration.

5.3 Results

In this section, the results of the model are presented for the water level, current velocity,
salinity and suspended sediment concentration near the trench at Oosterweel. For the
background errors of the overall numerical models, the reader is referred to the report of Chu
(2017).
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5.3.1 Water Level

Figure 28 compares the measured water level at station Antwerp Loodsgebouw. It can be
seen that SETMO significantly overestimates the water level, especially during LWS.
Furthermore, it shows less variation over a tidal cycle.

Water Level at Antwerp Loodsgebouw with

5 ME= 0.63756 m and URMSE=-0.25337 m
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Figure 28 i Comparison of the measured and overall and detailed modelled water level at station Antwerp
Loodsgebouw.

These errors are believed primarily to be caused by the internally more refined grid of SETMO
with respect to the grid of NEVLA3D. As a consequence, more detail is given to the numerical
bathymetry within the SETMO modelling domain. This led to the fact that SETMO has a
greater wet volume and a generally greater along-channel cross-sectional area compared to
NEVLA3D. Accordingly, it modifies the vertical water motion imposed at the boundaries.
Fruitless efforts were made to artificially adapt the bathymetry/change the roughness
coefficients to reduce this effect.

Additionally, small additional background errors are introduced in SETMO as the vertical water
motion is not fixed in the model at one or both of the boundaries. It was chosen only to apply
horizontal water motion at the boundaries, as this proved to lead to the better reproduction of
current velocities in the domain. Implementation of Riemann boundaries, fixing both the
horizontal and vertical motion of the water, would probably have led to better modelling results
regarding the water levels in the domain. However, implementation of these boundaries was
futile.

5.3.2 Current Velocity

The reproduction of the current velocity by SETMO is more promising, as can be seen in
Figure 29. Although SETMO greatly underestimates the magnitude of the current velocity
during ebb tide, it accurately captures the quantity during flood tide. Given that in NEVLA3D
the current velocity is significantly overestimated during flood tide and slightly underestimated
during ebb tide, the overall smaller predicted current velocities in SETMO are again believed
to be caused by the increase in wet cross-sectional area in SETMO compared to NEVLA3D.

Comparison between the results of the upper and lower sensor reveals that the biased and
unbiased errors in current velocity magnitude and direction slightly decrease towards the
bottom.

5.3.3 Salinity

Salinity is heavily underestimated by both SETMO and NEVLA3D during the calibration period,
as can be seen in Figure 30. Furthermore, the modelled salinity shows less variation compared
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to the measured salinity. The applied boundary conditions can largely be accounted for this
underestimation. Moreover, salinity is slightly more underestimated at the lower sensor. This

error persists over the full tidal cycle, meaning that slightly less stratification is captured in
SETMO.
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Figure 29 1 Comparison of the measured and overall and detailed modelled direction of the current at station
Oosterweel Left Bank Lower (at 1.0 m above bed).
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Figure 30T Comparison of the measured and overall and detailed modelled salinity at station Oosterweel Left Bank
Upper (at 4.5 m above bed).

Regarding the behavior of the salinity, SETMO accurately models the salinity around LWS,
while the signal shows increasing errors around HWS. During the latter period, an unexplained
higher order oscillation can be observed, which is not captured by the measurements, neither
in the results of NEVLA3D. Efforts during calibration of the numerical model to remove this
oscillation proved futile.

5.3.4 Suspended Sediment Concentration

Analyzing the modelled and measured SSC in Figure 31, it can be observed that SETMO
overestimates the measured sediment concentrations at the upper sensor. Furthermore, there
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is less variation of the modelled SSC over the tidal cycle compared to the measurements,
particularly during LWS.

Suspended Sediment Concentration at Oosterweel Left Bank Upper with
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Figure 317 Comparison of the measured and overall and detailed modelled suspended sediment concentration at
station Oosterweel Left Bank Upper (at 4.5 m above bed).

Based on theory on vertical SSC profiles and SSC transport (Yu, Flemming, & Gao, 2011),
the above observations indicate that the applied fall velocity in the model is either too high
(amplitude is attenuated too strong in water column) or too low (lag effects are too much
present around LWS). This may hint on the fact that there is an interplay between multiple
mud (clay and silt) fractions in the system and/or a time-varying fall velocity. Unfortunately, no
extra fractions and/or additional flocculation model could be taken into account in the model
as computation times would increase severely. Therefore, care should be taken in the
interpretation of the modelling results of SETMO.

Unfortunately, no errors could be calculated with respect to the model results of LTV Slib, as
observation stations applied to both models were later found to differ. Visual comparison
revealed an at least comparable quality of the SSC. This is believed to be caused by the great
dependency of the SSC in SETMO on the boundary conditions, which contain the modelled
SSC of LTV Slib.

5.4 Summary

SETMO has been calibrated based on comparison of the following modelled quantities with
respect to the measurements:

- Water levels

- Salinity

- Current velocities and directions

- Suspended sediment concentrations

These quantities are measured 6 ¢ o n't i n uhooughdutytlte year at a certain depth at
permanent measurement stations. Furthermore, the latter two quantities are measured
throughout the water column along a transect during a yearly 13h measurement campaign.
For the transect within the model domain, this campaign was held on the 16" and 17" of May
2014 between 05:30 and 06:00 hours. This period was, therefore, adopted as the validation
period.
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The calibration results were evaluated based on the combination of a biased and an unbiased
root-mean squared error estimator. The former identifies the under- or overestimation of
a measured quantity by the model, the latter determines the difference in numerical
dispersion of the modelled quantity with respect to the measurements.

Results of the validation reveal that above quantities are modelled with sufficient accuracy
in the model, although improvements are possible. Errors regarding water levels and current
velocities are believed to be introduced by differently discretized geomorphology between
SETMO and NEVLA3D; the latter of which the hydrodynamics are imposed on the boundaries
of SETMO. Errors regarding salinity are thought of to be caused by errors in the modelled
salinity in NEVLA3D, set on the boundaries. This difference may introduce fundamentally
different physical behavior in the model. Errors in the SSC are believed to be induced by the
imposal of only one single mud fraction with a constant fall velocity, as there seems to be
an interplay between multiple fractions with different settling velocities.
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6 Model Simulations

In this chapter, the general modelling approach and the set-up of the individual model
simulation scenarios of the detailed numerical model, SETMO, (see Chapter 4) are explained.
These are constructed accordingly to:

1. predict the trench siltation rate and its distribution over the trench

2. identify the total degree of uncertainty around the predicted trench siltation rate.

3. discover the governing large-scale and small-scale mechanisms for trench
siltation,

4. investigate the interaction of the trench with the normative mechanisms;

5. check the link between trench siltation and environmental conditions.

A powerful approach, also adopted in this research, is to develop a base case, which takes
into account the best calibrated input parameters and modelling settings. This run typically
simulates a period during which average conditions prevail. The output of the base case
serves as a comparison tool for all subsequent simulations to which variation is given. These
simulations can be distinguished based on differences in:

- Model parameters
Simulations in which the magnitude of one individual parameter is changed to be able
to identify the degree of epistemic uncertainty of the prediction of the trench siltation
rate (see subsection 6.1.1).

- Model settings
Simulations in which fundamental changes are applied to the set-up of the model (i.e.
exclusion of salinity) with the purpose to discover the governing large-scale and small-
scale mechanisms for trench siltation (see subsection 6.1.2).

- Bathymetry
Runs in which the trench is excluded from the bathymetry in order to investigate the
interaction between the trench and the normative mechanisms (see subsection 6.1.3).

- Simulation period
Runs with different simulation periods to create scenarios in which different
environmental conditions are governing. These simulations serve to estimate the
intrinsic uncertainty of the area (see section 6.2).

The above is summarized in Table 5. Due to constraints in time, it was decided not to
investigate cross-relations between the environmental components, but to limit this research
to variation of the individual components. Consequently, environmental variability runs were
set-up in which one of the components has an extreme, while the other components show
more or less average behavior.

Table 57 Overview of the general modelling approach

None Base Case simBCl4a 6.1
Mogal Identlflcgtlon SMBC14b# 6.1.1
Base Case settings mechanisms
(simBC14a) Bathymetry Influence trench simBCl4c 6.1.2
Lo e. Epistemic uncertainty o \peqa4s 61,3
parameters (sensitivity analysis)

Scenario Simulation SNl
Scenario (simSC14a#) period varl_ab!llty; _ simSCl4a# 6.2
Intrinsic uncertainty

# in the code symbolizes the number of the calculation as will be indicated for each run in the remainder of this
chapter
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Furthermore, again due to time constraints, it was decided only to construct additional
simulations with different model settings for the base case scenario, although it is known from
literature that different mechanisms may be dominant under different environmental
conditions. It is, therefore, assumed that direct comparison between the modelling results of
the scenario runs and the base case run is sufficient to identify these differences. The same
holds for the influence of the trench on the governing mechanisms in the base case scenario.
Lastly, for simplicity, it is assumed that the uncertainty around the prediction of the trench
siltation rates is independent of the prevailing environmental conditions. Consequently, the
sensitivity analysis was only applied on the base case.

In the remainder of this chapter, the distinct runs are specified according to the described
approach in the above (summarized in Table 5). In general, the runs comprise of a long spin-
up time of 5 days in which the hydrodynamics, salinity, suspended sediment, fluff layer and
bed composition are preferably reaching a dynamical equilibrium state for the situation without
the trench. After 5 days, the computation is halted. Its output serves as a starting point for the
subsequent run(s) in which model settings are changed (i.e. the implementation of the trench).
These runs consist of a spin-up time of 2 days, to account for smoothing of the hydrodynamics
from the starting condition and the buildup of the fluff layer, and a final simulation period of 1
day.

Table 6 i Characteristics of the base case and the scenario runs

High River Discharge Low River Discharge
simBC14a simSC14al simSC14a2

Tide Tide Tide Normal Tide Normal
Conditions River Medium River Low River Medium
Wind Wind Wind Calm Wind Calm
13-09-2014 17-01-2014 17-06-2014
Y Start 06:30:00 Start 04:30:00 Start 06:30:00
End 18-09-2014 End 22-01-2014 End 22-06-2014
10:30:00 07:00:00 11:30:00
20-09-2014 24-01-2014 24-06-2014
S St 203000 Start 16:00:00 Start 21:00:00
End 21-09-2014 End 25-01-2014 End 25-06-2014
21:30:00 16:00:00 22:00:00
Trench included Trench included Trench included
As listed in Appendix D.3 As listed in Appendix D.3  As listed in Appendix D.3
As listed in Appendix D.3  As listed in Appendix D.3  As listed in Appendix D.3
simSC14a3 simSC14a4 simSC14a5
Tide Normal Tide Normal Tide Normal
Conditions River High River Low River Medium
Wind Calm Wind Calm Wind Calm
04-08-2014 10-09-2014 04-05-2014
T St 50:00:00 Start 04:30:00 Start 14:30:00
End 09-08-2014 End 15-09-2014 End 09-05-2014
02:00:00 07:30:00 22:00:00
20-08-2014 17-09-2014 11-05-2014
S St 110000 Start 16:30:00 Start 08:00:00
End 12-08-2014 End 18-09-2014 End 12-05-2014
11:30:00 18:00:00 09:00:00
Trench included Trench included Trench included
As listed in Appendix D.3  As listed in Appendix D.3  As listed in Appendix D.3
As listed in Appendix D.3  As listed in Appendix D.3  As listed in Appendix D.3

6.1 Base runs

The base case run simulates a scenario in which the conditions, regarding the tide, discharge
and wind, are simultaneously close to average. This condition was found to be governing on
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21" of September 2014. The characteristics of the base case simulation, which are listed in
Table 6, are also used in the runs to investigate the normative mechanisms, the influence of
the trench and the epistemic uncertainty around the trench siltation rate.

6.1.1 Epistemic uncertainty

The degree of epistemic uncertainty of the predicted trench siltation rates is explored through
a (probabilistic) sensitivity analysis. The focus in this analysis lies on the most important
parameters for sediment transport and deposition, which are found according to literature,
expert knowledge,and r e s e ar c<h Eabléd &givésrars averviewv of the constructed
sensitivity runs. These can be divided into parameters which regulate:

- the erosion flux (erosion parameter, critical bed shear stress, critical mud content,
sand-mud coefficient)

- the deposition flux (fall velocity, burial flux)

- turbulence (eddy viscosity/diffusivity)

- sediment characteristics (fall velocity, grain size distribution, critical mud content)

Ranges, consisting of a minimum and maximum value, are given to the parameters. These
boundary values are determined using a certain percentage of the base case value in such a
manner that realistic ranges are constructed for each governing parameter. Also, the
uncertainty regarding the applied sediment transport formula is investigated. Details on the
method of the probabilistic sensitivity analysis can be found in Appendix F.

Table 7 7 Overview of the sensitivity runs of the base case simulation

simBC14d1 simBC14d2 | simBC14d3 | simBC14d4 simBC14d5 | simBC14d6

Erosion Erosion Critical Bed Eddv Viscosity/ Critical Bed

SElEIglcicle | Parameter Fluff  Parameter Bed  Fall Velocity ~— Shear Stress Y VISCOSILy. Shear Stress
Diffusivity

Layer Layer Fluff Layer Bed Layer

* A_ 2c-
m 2201004 m2gt COIOAMIST 6 mst 010NmMT 0.35/0.50m?st  0.25Nm

*1 )= -2q-
e 43 10namzst PO0AO8MEST 50 mst 020NmT 070/1.0m2st  0.50 N mt

2.0*10"-3 m=2s-

8.6*10"-4 m?st a 3.0 mm st 0.40 N m 1.4/2.0 m?s? 1.ONm?
Code simBC14d7 simBC14d8 simBC14d9 | simBC14d10 simBC14d11
Grain Size . Sediment
Parameter Burial Flux Distribution Sand_-l\_/lud Critical Mud Transport
Coefficient Content
Sand Formula
2.5*10"-6 m2s1 100/200 em 2.0 0.20 Van Rijn (2007)
EEEeEEEN  5.0710M-6 m2st 150/300 em 3.0 0.30 Van Rijn (1994)
1.0*10"-5 m2s1 200/400 em 4.0 0.40

6.1.2 Normative Mechanisms

Five additional model simulations of the base case are ran to fully identify the normative
sediment trapping mechanisms. In these simulations, fundamental changes in the model
settings are applied to exclude certain processes and, hence, certain sediment trapping and
transport mechanisms. This makes it easier to identify certain mechanisms and their relative
importance with respect to the other mechanisms. The additional simulations are summarized

in Table 8.
Table 87 Changes in the set-up of the base case for the purpose of identification of normative trapping
mechanisms
simBC14b1 | simBC14b2 | simBC14b3 | simBC14b4 | simBC14b5
. - . No sediment . No sand-mud
Model setting No salinity No Coriolis density No fluid mud interaction
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6.1.3 Trench Interaction

The base case was also appointed to investigate a possible interaction of the trench with the
trapping mechanisms. For this purpose, the bathymetry of the trench is not implemented in
the simulation. Comparison with the modelling results of the base case is believed to point out
to which extent the trench influences the normative trapping mechanisms.

6.2 Scenario runs

In this research, five different simulation periods have been chosen, based on an analysis of
the governing conditions. This analysis concentrated on the relative influence of the tide, river
discharge and wind at sea throughout year 2014. This is in line with the literature on the
Scheldt Estuary (Van Kessel et al., 2011), which stated that suspended sediment
concentrations in the Scheldt Estuary are primarily dependent on these conditions. The
purpose is to check the variation of the trench siltation rates on the environmental conditions
in order to estimate the degree of intrinsic uncertainty. Each scenario focuses on a condition
in which one individual environmental component experiences an extreme (both minima and
maxima), while the other components show average behavior. The details of the distinct
scenario runs are listed in Table 6, along the base case run. The method of the scenario
analysis corresponds with the method of the sensitivity analysis (see Appendix F).

6.3 Summary

In this research, the modelling approach of a base case is adopted in which average
conditions dominate and best-calibrated input parameters and model settings are used.
Subsequently, additional simulations are constructed within the simulation period of the
base case, in which:

1. model parameters are differed:
to identify the degree of epistemic uncertainty around the predicted trench siltation
rate,
2. the trench is not included (different bathymetry):
to investigate the interaction of the trench with the normative mechanisms;
3. model settings are changed:
to discover the governing macro- and micro-scale mechanisms for trench siltation.

Furthermore, different model scenarios with distinct simulation periods are adopted in which
different environmental conditions prevail. This is in order to estimate the degree of intrinsic
uncertainty of the trench siltation rates.
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7 Results: trench siltation

In this chapter, the results of the simulations of the detailed numerical model, SETMO (Chapter
4), as described in Chapter 6, are presented. Firstly, the trench siltation rates and
sedimentation distributions over the trench will be presented in detail for the base case.
Subsequently, the results of the probabilistic sensitivity analysis on the governing parameters
and physical processes, consisting of the uncertainty ranges around the trench siltation rates,
will be presented. Additionally, the chapter will give similar results of the probabilistic scenario
analysis on the varying environmental conditions.

Cumulative Trench Siltation over tidal cycle

15 Mud content of deposited material over tidal cycle
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Figure 327 Cumulative sedimentation of material in trench (left) in mm and its mud content (right) in % over a tidal
cycle for the base case.

7.1 Base Case

It can be seen in Figure 32, that SETMO predicts net deposition of both mud and sand in the
trench over a full tidal cycle. Simultaneously, the model resolves erosion at the edges of the
slopes of the trench. Also, the generation of a fluid mud layer on top of the bed is resolved.

The net average siltation volume rates over the tide (and ebb and flood tide respectively) of
both mud and sand are visualized in Figure 33 for the locations of the separate tunnel
elements. A total siltation volume of 300.2 m?/tide at the locations of the tunnel elements is
found, of which 67.0% is mud and 32.1% is sand. Furthermore, each tide 133.4 m? of fluid
mud is build up on the bed of the trench.

One can observe that SETMO predicts most sediment to be deposited in the bed at the
location of tunnel elements 4, 5, 6, and 8, while the least sedimentation is estimated to occur
at the location of tunnel elements 2 and 3. Most fluid mud is generated in the sheltered areas.
Furthermore, it expects considerable variation over the tidal wave. In general, more
sedimentation is found during ebb tide than during flood tide. In the remainder of this
subsection, the above results are presented in more detail for both mud and sand separately.

7.1.1 Deposition of (fluid) mud

It can be seen from Figure 32 and Figure 33 that SETMO predicts mainly mud to be deposited
in the more sheltered areas of the trench. This mud originates from fluid mud, which is present
in the fluff layer.

Fluid mud

Figure 34 reveals that SETMO predicts the fluff layer to be primarily built up in the exposed
areas during ebb tide, while this fluff layer is again resuspended in its entire during flood tide.
In contrast, the sheltered areas show a more or less continuous generation of fluid mud over
the tidal cycle. Furthermore, Figure 35 shows that the model estimates most buildup in the
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more exposed areas to occur around the slack waters, while there is total depletion of the fluff
layer during mid-flood and -ebb tide. Closer to the sheltered areas, there is more or less
continuous buildup of fluid mud; exceptions being during late-flood and mid-ebb tide, which
correspond with peak-tidal flow.
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Figure 33 - Net trench siltation rates of each fraction in m2 over a full tidal cycle (and over a flood and ebb tide in
specific), averaged over the location of each separate tunnel element and summed up over the full tunnel
alignment.

Cumulative Sedimentation Fluff during ebb tide Cumulative Sedimentation Fluff during flood tide 10

4

Figure 34 i Cumulative deposition of suspended matter in the fluff layer in mm for the base case during ebb tide
(left) and flood tide (right) respectively.
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Consolidated mud in bed

The cumulative deposition of mud in the bed layer over the tide is presented in Figure 36 at
the location of each separate tunnel element. Obviously, it is closely related to the deposition
of mud in the fluff layer. According to SETMO, there is continuous deposition of mud in the
bed layer in the sheltered areas, since at those locations, there is a permanent fluff layer
present. Although the siltation rate is found to differ slightly over the tide due to variation of the
thickness of the fluid mud. In the more exposed areas, a subsequent erosion and deposition
of mud during flood and ebb tide respectively is modelled by SETMO, which is similar to the
simulated development of the fluff layer over the tide.
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20 Cumulative sedimentation of fluid mud for each tunnel element
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Figure 351 Cumulative sedimentation of suspended matter in the fluff layer over a full tidal cycle at the location of
each tunnel element in mm for the base case simulation.

Cumulative sedimentation of mud for each tunnel element
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Figure 36 1 Cumulative sedimentation of mud in the bed layer over a full tidal cycle at the location of each tunnel
element in mm for the base case simulation.

7.1.2 Deposition of sand

Sand is found to be deposited in the more exposed areas of the trench, as can be seen in and
Figure 33. One may observe that SETMO predicts two distinct peaks of deposited sand: one
is located near the southern bank at the downstream slope of the trench, and the other one at
the northern bank at the upstream slope. In between the peaks, sand is estimated to be mainly
deposited at the location of the tunnel elements, rather than on the slopes. Moreover, during
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flood (ebb) tide SETMO models some significant erosion of sand on the upstream
(downstream) slope.

Cumulative Sedimentation Sand during ebb tide Cumulative Sedimentation Sand during flood tide

-20
Figure 37 I Cumulative sedimentation of sand in mm for the base case during ebb tide (left) and flood tide (right)
respectively.
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Figure 38 i Cumulative sedimentation of sand over a full tidal cycle at the location of each tunnel element in mm
for the base case simulation.

A closer look at the evolution of the deposition of sand in Figure 38 at the locations of the
separate tunnel elements, reveals that SETMO simulates a rather step-wise deposition of
sand: mainly deposition during mid-flood and mid-ebb tide without any sedimentation during
both slack waters. Most sand is found to be deposited during (late-)flood tide at the location of
the tunnel elements in the northern area of the trench and in the southern sheltered area, while
more sedimentation is expected during (early-)ebb tide for the elements at the southern part
of the exposed area. Moreover, there is some erosion of sand at this area at peak-flood flow
during late-flood tide.
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7.2 Sensitivity analysis

In this section, the results of the sensitivity analysis on the most influential parameters and
physical processes regarding trench siltation are presented. The sensitivity analysis on the
most influential parameters results in the (partial) quantification of the epistemic uncertainty of
the numerical model. The sensitivity of the model on the physical processes gives an indication
which sediment trapping and transport mechanisms are likely to dominate trench siltation in
the estuary.

7.2.1 Numerical model parameters (epistemic uncertainty)

The sensitivity analysis on the most influential parameters for trench siltation reveals that
SETMO is highly sensitive to its input parameters, which impose great epistemic uncertainty
to the predicted siltation volumes. This can be seen in Table 9. The table presents the
influence of the tested parameters on the trench siltation volumes of each sediment fraction
(sand, mud, and fluid mud) on the location of each separate tunnel element. Also, the average
dependency of the siltation volumes on the parameters over the entire trench is presented in
the last column.

Table 91 Dependency matrix between the most influential parameters and the trench siltation volumes of each
sediment fraction on the distinct locations of the tunnel elements and the average over trench. Green colors indicate
a positive relation between the siltation volume and the magnitude of the parameter, while red colors indicate a
negative relation between the two. The stronger the shade of the color, the stronger this relationship. Yellow colors

indicate no or a weak relation.
par Lt | 2 [ 3 | 4 | 5 | 6 [ 7 | 8 | Mean |
" |SIM[F|SIM|F|SIM|F[S|M|F[S[M|F|SIM[F[S|M|F|ISIM|[F[S|M]|F|
BF I I Il Il I I I N I
PC
EPF
BT
V

CBSF

I
cese| [ | | | | | I ] I

EVD I N N I I
GSD | | ] ] I ] B
STF | | N ] I N I

BF (Burial Flux), PC (critical mud content bed), EPF (Erosion Parameter mud in Fluff layer), BT (sand-mud coefficient), FV (Fall
Velocity), CBSF (Critical Bed Shear mud in Fluff layer), CBSB (Critical Bed Shear mud in Bed layer), EPB (Erosion Parameter of
mud in Bed layer), EVD (Eddy Viscosity/Diffusivity), GSD (Grain-Size Distribution), STF (Sediment Transport Formula); S (Sand),
M (Mud), F (Fluid mud)
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From the dependency matrix, it can be seen that, in general, the most influential parameters
for trench siltation are: the burial flux, the critical bed shear stress of mud in the bed layer, the
eddy viscosity/diffusivity, and the grain-size distribution. Also, the critical bed shear stress of
mud in the fluff layer, fall velocity, and the erosion parameter of both the fluff and bed layer
can be considered to be important. The uncertainty in the critical mud content and sand-mud
coefficient can be neglected. In the below, the results are discussed for each described
parameter class.

Erosion flux

The critical bed shear stress of mud in the bed layer shows a strong negative correlation on
the siltation volumes of all sediment fractions. Apparently, an increase in shear strength of
mud in the bed layer reduces the supply of both sand and mud to the trench. This is because
both fractions are entrained proportionally due to the sand-mud interaction in the model. The
reverse is found by SETMO for the critical bed shear stress of the fluff layer and the erosion
parameter of mud in the bed layer, meaning that more sediment is supplied to the trench,
when the critical bed shear stress is lowered. Although, the influence of the erosion parameter
of the fluff layer is marginal, it shows a negative dependency for elements 2-4 and a rather
positive dependency for elements 1 and 5-8. Understandably, an increase in erosion
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parameter of the mud in the fluff layers leads to more sediment supply to the trench, but will
also result in a more rapid entrainment of the fluff layer within the trench, in particular for the
most turbulent areas during flood tide.

Deposition flux

The deposition flux is primarily dependent on the applied burial flux. SETMO shows a negative
dependency to the trench siltation volume of fluid mud, and a positive dependency to the
siltation of mud. Obviously, an increase in burial flux, rearranges more deposited mud from
the fluff layer to the bed layer. Furthermore, indicated by the darker shade of the red color,
there will be less supply of sediment to the trench in general. Evidently, this is caused by the
fact that mud in the ambient bed is more difficult to entrain than mud in the fluff layer. The
influence of the fall velocity of mud on the siltation volumes is limited, although there seems
to be a weak negative dependency in the southern area of the trench. Possibly, an increase
in fall velocity decreases the advection of fines to the sheltered areas.

Turbulence

The dependency matrix shows that an increase in eddy viscosity/diffusivity, in general,
decreases the siltation of (fluid) mud and increases the siltation of sand in the trench.
Apparently, SETMO supplies more sediment to the trench for increased turbulence, but
simultaneously less sediment is able to deposit in the trench. Furthermore, the dependency
seems to be specific on the location within the trench. Evidently, an increase of the eddy
viscosity/diffusivity results in a stronger supply of sediment to the more sheltered areas, while
in the exposed areas there is a stronger prohibiting effect on the deposition of sediment in the
trench.

Sediment characteristics

The characteristics of the sediment also play a dominant role in the prediction of the siltation
volumes of the trench. It can be seen that an increase in the grain size distribution lead to less
siltation volumes in the trench. Obviously, coarser sand particles reduce the supply of
sediment to the trench, thereby influencing the supply of mud to the trench as well.

Uncertainty around predicted siltation volumes due to parameter uncertainty
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Figure 391 Estimation of the epistemic uncertainty of the predicted siltation volumes of the base case simulation.

Epistemic uncertainty

Based on above parameter uncertainties, including the seemingly great influence in the choice
of the sediment transport formula, the total quantifiable epistemic uncertainty can be estimated
through a Monte Carlo simulation (see Appendix F). This leads to expected value with a certain
confidence range for the siltation volumes at each location of the tunnel elements. The results
of the simulation are visualized in Figure 39.
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Comparison with the base case results in Figure 33 reveals that there is a lot uncertainty in
the siltation volumes over the trench. The greatest epistemic uncertainty lies in the prediction
of the siltation volumes of sand in the exposed areas, and in the predicted siltation volumes of
(fluid) mud in the sheltered areas. For sand the 50% confidence interval may be bounded by
up to a factor 1.75 of the expected siltation volume, while for (fluid) mud this may be up to a
factor 1.25. On average, this means a factor 1.5.

It can be noticed that the simulated trench siltation volumes of the base case lie close to the
expected siltation volumes. Hence, the best-guessed, validated input parameters do not result
in a great over- or underestimation of the siltation rates.

7.2.2 Physical processes

Table 10 presents the dependency of the predicted trench siltation volumes on the applied
physical processes. It can be noticed that the application of salinity and fluid mud in the model
are most influential to the siltation of the trench. Furthermore, trench siltation volumes are
locally affected by the inclusion of the interaction between sand and mud. In contrast, the
Coriolis effect and the effect of sediment concentration on the density of water have a minor
effect.

Table 10 i Dependency matrix between the applied physical processes and the trench siltation volumes of each
sediment fraction on the distinct locations of the tunnel elements and the average over trench. A red color indicates
a negative effect (decrease) on the siltation rates due to the inclusion of the physical process, while a yellow color
indicates no or a weak effect and a green color depicts a positive effect (increase). The darker the shade of the
color, the stronger the dependency.

F|sIM[F|[S[M|F[S|MIF]SIMIFISIM[F/S[M[F[S|M|F[S]
I I T .
BT B A T |

Sal. (Salinity), Cor. (Coriolis), SD (Sediment Density), FM (Fluid Mud), SM (Sand-Mud interaction); S (Sand), M (Mud), F (Fluid
mud)

Salinity

In general, inclusion of salinity in the numerical model seems to lead to less trench siltation
compared with the base case. In particular, this is caused by less siltation of sediment in the
sheltered areas. In contrast, salinity causes more deposition of sand at the northern bank.
Moreover, SETMO predicts salinity not to have an effect on the siltation volumes in the most
exposed areas, except for sand at the location of tunnel element 4, which increases by
inclusion of salinity.

Fluid mud

Obviously, application of a fluff layer in the model results overall in a shift in siltation of mud
from the bed layer to the fluff layer. This particularly holds at the more exposed areas of the
trench, whereas more sedimentation of both (fluid) mud can be expected in the sheltered
areas. Apparently, fluid mud formation is important in SETMO in the transport of mud to the
sheltered areas of the trench. Additionally, less sand will be deposited at the location of tunnel
element 1 if fluid mud is accounted for.

Sand-mud interaction

Although not having a significant net effect on the average siltation volume over the trench,
inclusion of sand-mud interactions in SETMO causes somewhat more mud to be deposited in
the exposed area, while simultaneously less mud will be deposited in the sheltered areas of
the trench. Furthermore, less sand is expected to be deposited in the exposed areas of the
trench, while an increase is observed at the location of tunnel element 2.
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7.3 Scenario analysis (intrinsic uncertainty)

In this section, the results of the numerical model simulations, in which different governing
environmental conditions (scenarios) are imposed, are presented. These results consist of the
trench siltation volumes of the different sediment fractions on the location of the distinct tunnel
elements. Comparison with the predicted volumes by the base case run is made, resulting in
the estimation of the intrinsic uncertainty of the siltation volumes of the trench.

Table 117 Dependency matrix between the different dominating environmental conditions and the trench siltation
volumes of each sediment fraction on the distinct locations of the tunnel elements and the average over trench.
The green colors indicate an increase in trench siltation due to the condition. A darker shade indicates a stronger

Increase.
1 | 2 | 3 | 4 | 5 | 6 | 8
SIMIFISIMIF|SIM|FISIM[FISIMI/FISIMI|F[S] m
[ I L | I I
| L] I I
I
I

LD (Low river Discharge), HD (High river Discharge), NT (Neap Tide), ST (Spring Tide), SW (Stormy Weather at sea); S (Sand),
M (Mud), F (Fluid mud)

The influence of the individual environmental conditions on the siltation volumes is depicted
in a dependency matrix (see Table 11). It can be seen that the trench siltation volumes of
especially (fluid) mud are strongly dependent on the governing environmental conditions.
Siltation volumes of mud tend to increase significantly during high river run-off, neap tide and
stormy weather at sea. Sand is not or weakly affected by the individual environmental
conditions, increasing somewhat during high river run-off and spring tide. Based on the
difference in response during a neap compared with a spring tide, seemingly, both the supply
and deposition of mud are dominated by the different conditions. Furthermore, some variability
between the tunnel elements is found by SETMO: there is a generally stronger response in
the lesser exposed areas.
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Figure 40 1 Estimation of the intrinsic uncertainty of the predicted siltation volumes of the base case simulation.

Intrinsic uncertainty

The variation in the different environmental components leads to intrinsic uncertainty in the
predicted siltation volumes of the base case run. This degree of uncertainty can be estimated
based on a same Monte Carlo simulation, used for the epistemic uncertiainty (see Appendix
F). The results are visualized in Figure 40.
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Results: trench siltation

By comparison with the base case results (see Figure 33), one can notice that there is a lot of
intrinsic uncertainty in the predicted trench siltation volumes. Furthermore, it can be observed
that the base case siltation volumes are significantly underestimating the expected siltation
problem, as they fall regularly outside the 50% confidence interval.

The 75" percentile of the estimated siltation volumes may be a factor 2.5 of the estimated
siltation volumes of the base case run. This holds more or less for all sediment fractions in
SETMO. With respect to the epistemic uncertainty, the intrinsic uncertainty of the governing
environmental conditions in the area pose similar uncertainty to the siltation problem, as the
confidence intervals are bounded by approximately 1.5 times the expected siltation volumes.

Table 12 7 Degree of uncertainty of the trench siltation volumes at the locations of the separate tunnel elements,
expressed by the estimated bounds in total siltation volumes and factorized volumes with respect to the median,
both for the 50% and 90% confidence intervals.

5t percentile 25t percentile 75t percentile 95t percentile

Tunnel Total Total Total Total Total
Element | volume Factqr of Volume Facto_r of Volume | Volume Factqr of Volume Factqr of
mtide | MCHAN [ imapide | ™Y | imapiide | [mepide | ™R | imaptide | MeYAN

38.03 0.58 51.43 0.78 6559  88.21 1.34 143.29 2.18
27.91 0.50  40.98 0.73 5594 8171 1.46 162.86 2.91
7.72 0.35  15.09 0.69 21.88  31.87 1.46  57.82 2.64
12.20 030 26.25 0.64 41.04 62.82 153 117.68 2.87
14.27 0.30  30.57 0.64 47.69 71.74 150 126.00 2.64
e 1679 0.28  35.56 059 59.83 9550 1.60 170.04 2.84
13.23 0.27  29.02 0.60 48.15  75.10 156 131.36 2.73
P 3536 052 5131 0.75 68.36 94.61 1.38 159.80 2.34
165.51 0.41 280.21 0.69 408.48 601.56 1.47 1068.85 2.62

Total degree of uncertainty

Combining the degree of intrinsic and epistemic uncertainty and summing up the siltation
volumes of mud and sand, the total degree of uncertainty around the trench siltation volumes
both bed sediment can be determined. The results are summarized in Table 12 and visualized
in Figure 41. Herein, also the uncertainty around the buildup rate of the fluff layer is visualized.

Uncertainty around predicted siltation volumes
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Figure 411 Estimation of the total uncertainty around the predicted siltation volumes of the base case simulation.

The total degree of uncertainty of the total trench siltation volume, expressed as the 50 %
(90%) confidence interval, is bounded by a factor of approximately 1.5 (2.5) of the expected
trench siltation volume. The expected trench siltation volume is underestimated by the base
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case by a factor 1.4. The highest degree of certainty is associated with the siltation volumes
at the locations of trench elements 1 and 8, while the highest degree of uncertainty is coupled
with the location of tunnel elements 2, 4 and 6.

7.4 Summary

SETMO predicts the siltation of sand, mud and fluid mud in the trench with a total siltation
volume of 300.2 m3itide at the locations of the tunnel elements 67.9% of the deposited
material in the bed is mud and 32.1% is sand. Maximum siltation rates are estimated to be
found in the more sheltered areas of the trench at the northern and southern bank. These
can reach ~6.5 mm/tide. In general, sand is deposited in the more exposed areas of the
trench, while mud is deposited in the more sheltered areas of the trench. Furthermore, more
(fluid) mud is deposited during ebb tide, while most of this mud is eroded during flood tide.
For sand, there is both sedimentation during ebb and flood tide, although this is according to
different patterns.

A sensitivity analysis on the parameters in the model resulted in the finding that the burial
flux, the critical bed shear stress of mud in the bed layer, the eddy viscosity/ diffusivity,
and the grain-size distribution, are most influential to the predicted siltation volumes by
SETMO. Epistemic uncertainty due to the uncertainty in the magnitudes of the
parameters is estimated to cause a range in the predicted siltation volumes in the order of
1.5.

Furthermore, a similar sensitivity analysis on the physical processes in SETMO revealed
that inclusion of salinity and fluid mud tend to have the most effect on the predicted siltation
rates. Salinity is found to reduce the siltation rates, especially that of mud in the sheltered
areas, while inclusion of fluid mud causes a shift in distribution of mud from the bed layer
to the fluff layer and a subsequent increase of the siltation volumes of mud in the sheltered
areas of the trench.

Additionally, variability in environmental conditions is significantly increasing the siltation
volumes over the trench. SETMO found that in particular river floods, neap tides and storms
at sea are events that cause a lot of deposition of material in the trench. Also, draughts and
spring tides are increasing the siltation volumes. The intrinsic uncertainty due to the
variation in environmental components is estimated to be similar in magnitude as for the
epistemic uncertainty. However, it was found that the base case lead to a severe
underestimation (factor 2.5) of the expected trench siltation volumes based on the intrinsic
uncertainty.

The above uncertainties resulted in the total degree of uncertainty around the siltation
volumes of approximately 1.5 and 2.5 times the expected siltation volumes, for the 50% and
90% confidence intervals respectively. A total underestimation of a factor 1.4 of the
expected siltation volumes by the base case was found.
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8 Discussion

This chapter discusses the results of the detailed numerical model, SETMO (Chapter 4), as
presented in the Chapter 7. Firstly, the discussion focuses on the identification of the
normative mechanisms for the trench siltation rates, and compares the results with literature.
Subsequently, the link of the results with the practice is explored by comparison with the
results of an engineering tool. This chapter continues by discussing the potential sources of
error in the research. Lastly, the applicability of the findings of this thesis is made explicit. More
results of the analysis, applied on the base case run, can be found in Appendix G.
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Figure 421 Location of the output transects on the locations of interest in the modelling domain.

8.1 Normative mechanisms

In order to identify the theoretical significance, a thorough analysis is performed on the
modelling results. This analysis focuses on the identification of the normative sediment
trapping mechanisms and the trapping efficiency of the trench, underlying the predicted
siltation rates. Through comparison of the identified mechanisms with literature on the Scheldt
Estuary and on state-of-the-art theory, it is opted to verify the modelling results. Similar as in
the theoretical framework, distinction is made within the analysis between the scale and plane
of orientation of the mechanism. Therefore, the following results are analyzed:

- Horizontal acting trapping mechanisms are looked into by examining depth-averaged
guantities over the domain (see depth in Figure 42)
- Longitudinal acting mechanisms are researched through width-averaged quantities
along the thalweg.
- Lateral acting mechanisms are explored by capturing quantities across transects at
distinct locations of interests (see Figure 42):
1 Two bends: Transect Kallo and Transect Royer
1 Shoal: Transect Boomke
9 Straight section: Transect Oosterweel
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9 Along trench: Transect seaward (West), along the axis, and landward (East) of
the trench

1 Across trench: Transects aligned at 30, 35, 40, and 45 degrees with the
governing currents

In the remainder of this section, the results of the analysis are separately discussed for the
supply of sediment to the trench and the trapping efficiency of the trench.

8.1.1 Sediment supply

Supply of sediment to the trench in SETMO is found to be predominantly caused by the gross
sediment transport fluxes. These are dominated by the tidal motion in the estuary (see Figure
43), as SSC is resuspended and advected with the currents.

Width- and depth-averaged suspended load along thalweg over tidal cycle
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Figure 431 Width- and depth-averaged longitudinal suspended sediment load over time along the thalweg. The
trench is located at 75 km from Flushing. A clear drop in transport can be seen.

The maximum gross sediment transport rates of sand correspond with the maximum tidal
currents, while for mud other three-dimensional mechanisms seem to come in play.
Furthermore, the fluxes are affected by the local availability of mud in the area, which is
induced by the net sediment transport fluxes over the estuary.

Cross-sectionally-averaged residual suspended load over tidal cycle
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Figure 441 Cross-sectionally-integrated residual suspended sediment transport along the domain. Positive fluxes
are directed landward (to the right in the figure), negative fluxes are directed seaward (to the left in the figure)

Cross-sectionally-averaged residual current velocity over tidal cycle
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Figure 451 Cross-sectionally-averaged residual current velocity along the domain. Residual currents, depicted in
red, are directed landward (to the right in this figure). Ebb directed currents (to the left in this figure) are depicted
in blue.
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Discussion

Macro-scale mechanisms
SETMO found both tide- and river-induced barotropic and salinity-induced baroclinic
mechanisms to dominate the supply of sediment to the trench: on the one hand by supplying
mud to the area through net sediment transport fluxes, and on the other hand by affecting the
hydrodynamics in the area.

Longitudinal plane

Figure 44 presents the cross-sectionally-integrated residual suspended sediment transport
throughout the domain. It can be seen that downstream of the trench (which is located at
approximately 75 km from the mouth at Flushing) net suspended sediment transport is
directed landward near the bed, and seaward at the surface, while upstream of the trench,
transport is generally directed seaward. This near-bottom convergent net transport traps fines
in the area, leading to high gross sediment transport fluxes. The net transport of fines is in
close agreement with the residual current velocity pattern along the thalweg (see Figure 45).
This pattern is in line with literature on the Scheldt Estuary (Chen, Wartel, Van Eck, et al.,
2005), as was discussed in Chapter 3. The following longitudinally acting sediment transport
and trapping mechanisms, which are governing for this pattern, seem to be captured by
SETMO:
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Figure 46 1 Tidally-averaged water level along the domain.

1. River discharge

It can be calculated based on analytical expressions, which are listed in Appendix A,
that river discharge is becoming increasingly important in landward direction in the
seaward transport of sediment. This is caused by the funnel-shaped geometry of the
estuary. The tidally-averaged river discharge can be estimated to be 0.01 m/s at the
downstream end of the domain, increasing to nearly 0.03 m/s at the landward end of
the domain. The more pronounced becoming influence of the river discharge on the
net seaward transport of fines is in line with the theory on the Scheldt Estuary (Chen,
Wartel, Van Eck, et al., 2005).

2. Stokesdo dri ft
SETMO predicts a water level set-up over its domain, which can be seen in Figure 46.
This set-up is well known to compensate for St o k e s, dvhicl is ialfot found in
literature to occur in the area (Chen, Wartel, Van Eck, et al., 2005; Van der Werf &
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Briere, 2014; Van Kessel et al., 2011; L. C. Van Rijn, 2011b). It can be estimated, using
the formula in Appendix Af or St o,khatshé sedwarid-tlirected return current is
estimated to reach 0.03 m/s.

Figure 47 i Mean width-averaged salinity during flood tide

3. Salinity-induced circulation
The landward-directed residual current is caused by circulation due to the longitudinal
salinity gradient over the estuary (see Figure 47). Post-processing of the modelling
results reveals that this circulation can be assigned primarily to two mechanisms:

- Gravitational circulation
- Mixing asymmetry

Applying the results of SETMO to the analytical expression for gravitational circulation,
one can estimate a residual current to be developed in the order of only 0.005 m/s,
which is an order of magnitude smaller compared to the residual current due to river
di scharge and r et ur nStlt gravitagonal ciranlationSstinfiuerdia 0
in the deeper parts, in which it may reach 0.01 m/s. However, this mechanism is not
abl e t o c o mp e n s drifteand fricer dishargekadosed This forms a
discrepancy with literature on the study area (Chen, Wartel, & Temmerman, 2005; Van
Kessel et al, 2011), which assigns all landward-directed residual current to
gravitational circulation.

However, according to state-of-the-art theory on well-mixed estuaries (Becherer,
2013b; Burchard et al., 2011), baroclinic mixing asymmetries are dominant in inducing
this circulation. SETMO seems to agree on this, although this could not be quantified
with analytical expressions. The mixing asymmetries in the numerical model are likely
to be induced by:

- Tidal straining
- Horizontal density differences, due to differential advection (bends and depth-
differences), as can be seen in Figure 48.

This finding can be qualitatively supported by examination of the longitudinal and
lateral Simpson numbers, which scales the tendency of stratification by mixing due to
tidal currents. The numbers can calculated to be on average approximately 0.15 and
0.45 respectively. Since both numbers are below unity, mixing is dominant over
stratification. However, the magnitudes are high enough to induce straining circulation
(Becherer, 2013b; Burchard et al., 2011). Furthermore, based on the relative
magnitudes, horizontal density differences are likely the dominating term in the mixing
asymmetries caused. Visual proof of tidal straining has, however, not been found within
the modelling results.

4. Horizontal circulation
Horizontal geometry-induced circulation is also found by SETMO to be influential in
the residual current velocity pattern. More details on horizontal circulation can be found
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