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Abstract In this study, the main object is to investigate the
performance of a few new physics-based process models by
implementation into a numerical model for the simulation of
the flow and morphodynamics in the Western Scheldt estuary.
In order to deal with the complexity within the research do-
main, and improve the prediction accuracy, a 2D depth-
averaged model has been set up as realistic as possible, i.e.
including two-way hydrodynamic-sediment transport cou-
pling, mixed sand–mud sediment transport (bedload transport
as well as suspended load in the water column) and a dynamic
non-uniform bed composition. A newly developed bottom
friction law, based on a generalised mixing-length (GML)
theory, is implemented, with which the new bed shear stress
closure is constructed as the superposition of the turbulent and
the laminar contribution. It allows the simulation of all turbu-
lence conditions (fully developed turbulence, from hydraulic
rough to hydraulic smooth, transient and laminar), and the
drying and wetting of intertidal flats can now be modelled
without specifying an inundation threshold. The benefit is that
intertidal morphodynamics can now be modelled with great
detail for the first time. Erosion and deposition in these areas
can now be estimated with much higher accuracy, as well as
their contribution to the overall net fluxes. Furthermore,
Krone’s deposition law has been adapted to sand–mud

mixtures, and the critical stresses for deposition are computed
from suspension capacity theory, instead of being tuned. The
model has been calibrated and results show considerable dif-
ferences in sediment fluxes, compared to a traditional ap-
proach and the analysis also reveals that the concentration
effects play a very important role. The new bottom friction
law with concentration effects can considerably alter the total
sediment flux in the estuary not only in terms of magnitude
but also in terms of erosion and deposition patterns.
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1 Introduction

The Scheldt estuary comprises an area of approximately 21,
863 km2 and is situated in the north-east of France, the west of
Belgium and the south-west of The Netherlands, where it is
inhabited by about 10 million people (477 inhabitants/km2)
(Fig. 1). The river is 350 km long, and the water level differ-
ence between source and mouth is only 100 m, making it a
typical lowland river system with low current velocities and
thus meanders. The estuary is defined as the part of the river
basin with a tidal influence. It is categorised as the main tran-
sition zone or ecotones between the riverine and marine hab-
itats. The Scheldt estuary is open to the southern North Sea
and extends 160 km in length from the mouth at Vlissingen to
Ghent, where sluices impair the tidal wave in the Upper
Scheldt. The tidal wave also penetrates most of the upstream
areas, entering the major tributaries Rupel and Durme,
resulting in approximately 235 km of tidal river in the estuary.
The Scheldt estuary consists of an approximately 60 km long
fresh water tidal zone stretching from near the mouth of
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Fig. 1 The Scheldt estuary. The mixing zone consists of the upper
estuary and the lower estuary or Western Scheldt. Upstream of
Rupelmonde the water is entirely fresh, while the water movement is

still dominated by the tide. The area between Rupelmonde and Gent is
therefore called the freshwater estuary (from Verlaan et al. 1998)

Fig. 2 Bathymetry (m) and mesh
of the Scheldt estuary
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Rupelmonde to Ghent, representing one of the largest fresh-
water tidal areas in Western Europe. It also has a mixing zone
between Rupelmonde and Vlissingen/Breskens. The subtidal
delta, seaward of Vlissingen and Breskens, forms the transi-
tion between the Western Scheldt and the North Sea (Fettweis
et al. 1998; Kuijper et al. 2004; Meire et al. 2005; van Kessel
et al. 2011).

The Scheldt estuary can also be divided into two major
parts, the Zeeschelde (105 km), which is the Belgian part from
Ghent to the Dutch/Belgian boarder, and the Westerschelde
(58 km), known as the Dutch part, covering the middle and
lower estuary. The Zeeschelde is mainly a single ebb/flood
channel and has a total surface of 44 km2. Mudflats and
marshes in this area are relatively small and approximately
account for 28 % of total surface. The Zeeschelde hosts one
of the largest harbours in Europe—the Port of Antwerp.
Therefore, human activities are very active in this region,
and industrial developments are concentrated along the river-
banks. The intertidal zone is often missing or very narrow. The
estuary is almost completely canalised upstream of
Dendermonde (Hoffmann and Meire 1997) . The
Westerschelde is a well-mixed region. Due to the influences
of tidal waves and land changes, the Westerschelde has a
complex and dynamic morphology. The flood and ebb chan-
nels are interconnected, bordered by several large intertidal
flats and salt marshes. The surface of the Westerschelde
amounts to 310 km2, in which 35 % of the area is covered
by intertidal flats. The average channel depth is approximately
15–20 m (Meire et al. 2005).

In a meso-tidal estuary like the Western Scheldt, where
both in- and outflow discharges are large, the net sediment
budget is the sum of a large positive and a large negative
number. A good knowledge of the sediment budget and trans-
port path is not only essential for longer term planning of
maintenance dredging activities, it is also of crucial impor-
tance for the impact assessment on and the long-term predic-
tion of the ecosystem services. However, sediment fluxes are
very difficult to measure. It requires simultaneous flow and
sediment concentration measurements across different cross-
sections of the river, in both horizontal and vertical directions.
Sediment concentration and flow measurements close to the
bottom, where the largest sediment concentrations occur, are
particularly difficult and therefore very rare or non-existent.
The estimates of the net sediment balance are therefore largely
uncertain. Numerical models can help to look at the sediment
processes, such as areas of erosion and deposition, but are in
need of quantitative measurements for calibration and verifi-
cation. The bottom friction parameter in these models often, if
not always, is the main parameter to calibrate or ‘tune’ the
hydrodynamic model, but this also has consequences on the
behaviour of the sediment transport model. An additional
complication is the fact that sediments are not homogeneous,
neither in space nor in time. Transport models that incorporate
the possibility to deal with more than one sediment type or
class are necessary and available, but the composition of the
actual bed is not or at most only partially known. Another
important aspect is that the geometry of an estuary is usually
complex due to its geomorphological features or water

Fig. 3 Sand fraction distribution
map in the Scheldt Estuary
(combined data from
Rijkswaterstaat, The Netherlands,
and RBINS-MUMM, Belgium)

Table 1 The properties of the non-cohesive and cohesive sediment

Type of sediment Diameter (μm) Density (kg/m3) Settling velocity (m/s) Critical shear stress for erosion
(first layer) (Pa)

Critical shear stress for erosion
(second layer) (Pa)

Non-cohesive (sand) 300 2650 0.01 0.6 0.6

Cohesive (mud) 60 1600 0.001 0.5 0.8
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circulation patterns. It may also include tidal flats, harbours or
navigation channels, which are much smaller compared to the
rest of the domain; thus, it requires a more flexible numerical
approach to be capable of dealing with all the geometrical
complexities.

Many numerical studies have been conducted for under-
standing hydrodynamics and morphological processes in
Scheldt estuary. One of the earliest numerical models for the
Scheldt estuary was devised by Baeyens et al. (1981) in order
to simulate the physical behaviour, including instantaneous
water levels and mean velocities over depth, salinity and tur-
bidity in the water column and the sedimentary budget at the
bottom. It was a two-dimensional (2D) depth-averaged model
with a structured grid based on a multi-operational finite dif-
ference scheme. Later, more efforts were put into the numer-
ical modelling by other researchers and many 2D applications
in the Scheldt estuary for simulating sediment transport can be
found in studies of Mulder et al. (1990), Portela and Neves
(1994), Verbeek et al. (1998), Dam et al. (2007), Bolle et al.
(2010), de Brye et al. (2010), and Gourgue et al. (2013). Most
of them only focus on the cohesive sediment or mud transport
under different hydrodynamic and salinity conditions.
However, one of the trends is that the finite element method
has been more and more used in the numerical modelling
since it is capable of dealing with complex geometry of the
estuaries like the Scheldt with a more flexible unstructured
mesh. The first three-dimensional (3D) numerical sediment
transport model of the Scheldt estuary seems introduced by

Cancino and Neves (1994, 1999a, b). It was a fully 3D finite
difference baroclinic model system for hydrodynamics and
fine suspended sediment transport with the effects of floccu-
lation, deposition and erosion taken into account. Their ap-
proach provided a useful basis for a good understanding of
the physical processes involved in sediment transport.
Another 3D mud transport model was established by Van
Kessel et al. (2011). Their model showed realistic values for
water levels, salinities and residual currents in the major part
of the model domain. However, the propagation of the tidal
wave was modelled less accurately upstream of Antwerp. One
of the advantages of a 3D model is that it can reproduce many
complex hydrodynamic processes in the estuary under tidal
waves. Therefore, it is also a useful tool for studying the ef-
fects of secondary currents in the estuary (Verbeek et al.
1998). But also due to its complexities, the computational cost
for a 3D large-scale model is much higher than a 2D model.

The purpose of this study was to test and demonstrate a
new modelling methodology that was developed to deal with
the complexities of large-scale domains like the Scheldt estu-
ary by taking sub-grid-scale physical processes or effects into
account, while still trying to maintain the computational effi-
ciency. By including new empirical parameters into physics
based laws or criteria, the model can adapt to different situa-
tions or scenarios by its own and achieve higher prediction
accuracy. Another objective of this study was to make a more
realistic model that not only focusses on the cohesive particles
but also has non-cohesive sediment in the system. The reason
for considering more than one sediment class in the system is

Fig. 5 Critical shear stress for
erosion as function of the mud
fraction

Fig. 6 Two-layer bed model
Fig. 4 Schemes of modelling mixed-sediment transport
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that, in the real word, the bed material consists both cohesive
and non-cohesive sediments, and its composition differs from
one location to another. For example, according to the mea-
surement carried out inWestern Scheldt, one can find the mud
fraction in the upstream is generally larger than the values
found in the downstream. For each type of sediment, the trans-
port mechanism is different and both transport progresses con-
sume energy. From this perspective, the availability of energy
to transport sediments in the system is likely to be
overestimated when only considering one type of sediment,
or, stated differently, the same energy is used twice. The cor-
responding error is compensated by tuning the model.

2 The mathematic model

The Scheldt model consists of a coupled 2D hydrodynamic
model and a 2D sediment transport model, both of them were
developed using the OpenTELEMAC-MASCARET model-
ling system with customisations in the source code. The year

2009 has been selected as the simulation period. According to
the study of De Ruijter et al. (1987), the water column in the
Belgian coastal zone is well mixed throughout the entire year;
therefore, a 2D depth-averaged model is appropriate.

2.1 Hydrodynamic model

The development of the hydrodynamic model is based on
TELEMAC-2D (TELEMAC-MASCARET, 2013), which is
a finite element solver for use in the field of 2D free-surface
flows. It has been used in many studies and research cases
(Hervouet and Bates 2000). The Navier–Stokes equations
for incompressible flow are averaged vertically by integration
from the bottom to the surface and solved simultaneously in
TELEMAC-2D code using the finite-element method, as well
as the equation for tracer conservation (Hervouet 2007).

Continuity equation:

∂h
∂t

þ ∂ huð Þ
∂x

þ ∂ hvð Þ
∂y

¼ 0 ð1Þ

Fig. 7 Velocity profile for sand-
laden turbulent open-channel
flow. Flume data for a sand sus-
pension from Cellino (1998) with
increasing sediment load,
matched with the generalized
mixing-length model. Symbols
measurements, full lines calcula-
tions, dashed line velocity profile
for clear water (CW). For this set
of experiments, κ=0.27
(Toorman 2003)

Fig. 8 Chézy coefficients
obtained from the new bottom
friction law with concentration
effects
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Momentum along x:

∂ huð Þ
∂t

þ ∂ huuð Þ
∂x

þ ∂ huvð Þ
∂y

¼ −gh
∂Zs

∂x
þ Sx

þ ∇⋅ h ν þ νtð Þ∇u½ � ð2Þ

Momentum along y:

∂ hvð Þ
∂t

þ ∂ huvð Þ
∂x

þ ∂ hvvð Þ
∂y

¼ −gh
∂Zs

∂y
þ Sy

þ ∇⋅ h ν þ νtð Þ∇v½ � ð3Þ

Fig. 9 Comparison of bed shear
stress in the central part of the
Western Scheldt estuary for a
traditional constant roughness
parameter model (top) and the
new friction law (bottom), in the
case of a very small inundation
threshold (1 mm). Without the
improved roughness model,
excessive erosion is predicted in
the intertidal areas because of the
incorrect prediction of the bed
shear stress

Fig. 10 Measurement locations
from MUMM
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Tracer conservation:

∂ hTð Þ
∂t

þ ∂ hTuð Þ
∂x

þ ∂ hTvð Þ
∂y

¼ ST þ ∇⋅ hνT∇Tð Þ ð4Þ

in which h=water depth (m); u and v=velocity components
(m/s); T=passive (non-buoyant) tracer; g=the gravity acceler-
ation (m/s2); νt=turbulent viscosity (m2/s) and ν=kinematic
water viscosity (m2/s); νT=the tracer diffusivity coefficient;
Zs=free surface elevation (m); t=time (s); x and y=horizontal
space coordinates (m); Sx and Sy=source terms representing
the wind, Coriolis force, bottom friction, a source or a sink of
momentum within the domain; and ST=the tracer source or
sink term.

For modelling the turbulent stress, a sub-grid turbu-
lence model developed by Smagorinsky (1963) is adopted
in this study. In principle, if the size of finite elements is
small enough to allow the reproduction of all mechanisms
including the viscous dissipation of very small vortices,
turbulence would naturally appear in the solution of the
Navier–Stokes equations. This requires the mesh size no

la rge r than the Kolmogorov mic rosca l e s . The
Smagorinsky model adds a turbulent viscosity deduced
from a mixing-length model to the molecular viscosity,
which compensates for the sub-grid-scale turbulent vorti-
ces which modelling is inhibited by the size of elements
(Hervouet 2007). This method assumes that the energy
production and dissipation of the small scales are in equi-
librium. The Smagorinsky model can be summarised as:

τ i j−
1

3
τkkδi j ¼ −2ρC2

sΔ
2 S
�� ��Si j ð5Þ

S ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Si jSi j

p ð6Þ

The turbulent viscosity is modelled by

νt ¼ C2
sΔ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Si jSi j

p ð7Þ

Si j ¼ 1

2

∂ui
∂x j

þ ∂uj

∂xi

� �
ð8Þ

Table 2 Measurement locations from MUMM

Data Set WGS coordinates Corresponding
node in model

ADV measured at OBS measured at

MOMO 2009–02-09–2009-03–19 N 51° 21.490′, E 003° 07.104′ 814 0.36 m above bottom
(−7.38 m TAW)

2.34 m above bottom
(−5.40 m TAW)

MOMO 2009–03-26–2009-04–29 N 51° 21.474′, E 003° 07.002′ 814 0.36 m above bottom
(−7.38 m TAW)

2.34 m above bottom
(−5.40 m TAW)

MOMO 2009–05-04–2009-06–15 N 51° 19.572′, E 003° 06.545′ 779 0.38 m above bottom
(−4.87 m TAW)

2.16 m above bottom
(−3.09 m TAW)

Fig. 11 Measurement locations
from Rijkswaterstaat, Centre for
Water Management
(The Netherlands)
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where τij=the Reynolds stress tensor (kg·m−1 ·s−2); δij=
Kronecker delta; ρ=the water density (kg/m3);Cs=the dimen-
sionless coefficient, which ranges from 0.1 (channel flow) to
0.2 (isotropic turbulence);Δ=the mesh size (m) derived in 2D
from the surface of the elements; and Sij=the strain rate tensor
of average motion (s−1); the subscripts i and j are the indices of
the Cartesian coordinates.

The model implementation focusses on the Scheldt estuary,
which has been extended with a limited part of the Belgian
coastal area, including necessary mesh refinements to model
in detail the tide-affected docks of the Ports of Antwerp and
Zeebrugge (Fig. 2). The bathymetry data is taken from the
NEVLA model (Hartsuiker 2004; van Kessel et al. 2011;
Maximova et al. 2009b). It covers the whole Western
Scheldt, starting from the upstream river and its tributaries in
Belgium, extending all the way to the Belgian coast and the
southwest coast of The Netherlands, including part of the
North Sea. In 2009, a new survey was conducted and

subsequently the bathymetric data of the Western Scheldt
was updated (Maximova et al. 2009a). The mesh used in the
simulations is unstructured and non-uniform. It has 67,689
linear triangular elements and 37,527 nodes. In order to reduce
the computational cost but maintain the accuracy as much as
possible, a space varying resolution is adopted in the mesh.
For the North Sea, the grid size is from 1000 to 2000 m be-
cause the bottom elevation does not change rapidly in this part
of the domain and it is not necessary to have every detail in the
North Sea. Approaching the coast, the mesh resolution be-
comes finer and finer. After entering the river mouth, the grid
size is optimised in order to be better aligned along iso-depth
lines. In certain areas, the grid size decreases to 50–100 m.
This is due to the complex topography in those relatively
shallow areas. There are many tidal flats in this region and
the slopes often reach very high values, especially at those
nodes close to the tidal flats and banks. Therefore, in such
cases, a higher resolution could make the computation more
stable. It is also necessary to provide sufficient detail when
investigating the flow field and sedimentology in the estuary.

Table 3 Measurement Locations from Rijkswaterstaat, Centre for
Water Management, The Netherlands

Data Set RD coordinates Corresponding node
in the model

Cadzand 15004.07, 378597.07 4448

Vlissingen 30568.36, 385259.06 8949

Westkapelle 19872.47, 394230.44 5482

Fig. 12 Measurement locations from Flanders Hydraulics Research and
IMDC

Table 4 Measurement locations from Flanders Hydraulics Research
and IMDC

Data Set RD
coordinates

Corresponding
node in the
model

Measured at

Prosperpolder 75037.24,
374074.43

27326 2.5 m above bottom
(−1.5 m TAW)

Boei84 (bottom) 77497.29,
370424.16

28492 0.8 m above bottom
(−8.1 m TAW)

Oosterweel
(bottom)

83903.55,
361552.10

30783 1.0 m above bottom
(−5.8 m TAW)

Fig. 13 Typical suspension concentration profile measured at
Deurganckdok at 16th February 2005. The calculated depth-averaged
concentration at this particular location is 220.45 mg/l
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There are eight open (i.e. liquid) boundaries in the model,
one downstream (the Bsea boundary^) and seven upstream
(one for each tributary). The rest are closed boundaries. All
of the water boundaries have prescribed boundary conditions.
The upstream boundaries are modelled as freshwater inflows.
The annual-averaged river discharge of the Scheldt River near
Schelle, at the confluence of the Rupel and the Scheldt,
amounts to 110 m3/s with approximately equal contributions
from both tributaries (Kuijper et al. 2004). Therefore, in this
study, a constant discharge is given to the upstream bound-
aries. The total amount of discharge is divided into two parts.
The contribution from the three tributaries in the south-west is
split evenly and accounts for half the amount of discharge to
the mainstream. Similarly, the rest of the tributaries in the
south-east contribute another half. Numerical tests confirm
that the upstream inflow has little influence on the simulated
results in the interested area since the upstream discharge is
negligible compared with the inflow from the downstream
boundary (the percentage of water flux passing through the
upstream boundaries only ranges from 0.01 to 0.03 % com-
pared to the amount from the sea boundary). The freshwater
inflow normally has a salinity level of 0.5 ppt (Flanders
Hydraulics Research, personal communication), and this has
been assigned as the value for the salinity tracer as the up-
stream boundary condition. The downstream boundary in-
cludes part of the North Sea. The tidal elevation and salinity
data are imposed at the downstream boundary. The nodes
along the boundary have been adjusted to the same positions
as those in the NEVLAmodel so that tidal elevation along the
boundary nodes can be taken identical to the ones that drive
the NEVLA model. The original data of tidal elevation along
the boundary has a time interval of 10 min. Therefore, a nu-
merical interpolation is performed in order to match the model
time step (5 s). To obtain smooth transitions in the data, a

spline interpolation is used. This also enhances the model
stability. At the downstream boundary, the salinity data from
the NEVLA model are prescribed. The same spline interpola-
tion is used to process the salinity data.

Dealing with tidal flats has always been a problematic part
of hydrodynamics models. As seen in the bathymetric data,
tidal flats are quite extensive all along the Scheldt Estuary, but
especially in the lower estuary. Large amounts of saline,
brackish or fresh water flow across these tidal flats within each
tidal cycle. Thus, the tidal flats are constantly in transition
between wet and dry conditions. Moreover, the slopes are
usually quite steep around the tidal flats and may cause serious
numerical problems if an inappropriate drying/flooding
scheme is chosen. In the present model, all the finite elements
are kept within the computational domain, which implies a
specific treatment of dry points, especially when divisions
by the depth occur in the equations. For example, the friction
terms, as they appear in the non-conservative momentum
equations, would become infinite on dry land, and are there-
fore limited in magnitude in the computation. Mass conserva-
tion is guaranteed with this option. Contrary to traditional
models, the new friction law, presented in Section 2.3, ensures
that the flow resistance becomes infinite when the water depth
goes to zero. As demonstrated below, the present model does
not require a threshold for the drying/flooding algorithm. This
makes the model robust.

2.2 Sediment transport model

The sediment transport is modelled using SISYPHE, which is
a sediment transport module inside OpenTELEMAC-
MASCARET system. SISYPHE can be dynamically coupled
with the TELEMAC-2D hydrodynamic model. At each time
step, TELEMAC-2D exports the flow conditions to SISY

Fig. 14 Water level at node 4448

Fig. 15 Water level at node 5482
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PHE, allowing it to compute the variables related to sediment
transport, such as bedload and suspended concentration by
mass (g/l). The bed evolution, i.e. the changes in bottom ele-
vation, is sent back to TELEMAC-2D. The dynamic two-way
coupling keeps the information in the separate modules up to
date.When coupled, SISYPHE also shares the same boundary
conditions with TELEMAC-2D. In order to fit the purpose of
this study, the original code of SISYPHE has been
customised.

For the boundary conditions, there is no data set suit-
able for specifying the sediment flux at both upstream and
downstream boundaries in the simulation period. For the
non-cohesive sediment, the depth-averaged equilibrium
concentration is calculated assuming equilibrium at the
bed, and a Rouse profile correction is then applied. For
the cohesive sediment, incoming sediment load is consid-
ered the same as the erosion flux at boundary nodes. No
solid discharge is prescribed at open boundaries, but the
sediments are allowed to move freely throughout the com-
putational domain and through all its open boundaries.
Compared to the large domain of the estuary, the back-
ground concentrations from incoming sediment loads at
both upstream and downstream boundaries have limited
influence to the coastal area and the main navigation
channels in Scheldt. This confirms what has been known
for years that most sediments recirculate within the
Belgian coastal area (Malherbe 1991).

The bed composition in the Western Scheldt is dominated
by sand, while in certain locations along the Belgian coast as
well as far away in the upstream near the Port of Antwerp,
high percentages of mud can be observed. Figure 3 shows the
sand distribution map in the domain, which is used as initial
bed composition in the model. Due to the lack of data in the

upstream river tributaries (upstream of Schelle), a default sand
fraction is assigned to the bottom. The applied value was
determined to be 90 %, which allows smooth transition from
upstream to downstream.

The sediment bottom shows varying properties with
depth as a result of alternating erosion and deposition
events and of self-weight compaction (consolidation). In
the top layer, sediment particles are usually freshly depos-
ited to the bed. They are loosely packed, and a relatively
low shear velocity can bring them back into the water
column. The older layers underneath have had time to
consolidate. The sediment volume has compacted, the
density increased and the physical properties have
changed since deposition due to the effective stress from
the gravitational compaction. Therefore, the sediment par-
ticles in the lower layer(s) can be much more resistant to
the flow and require more energy to be eroded. These
insights are translated into a rather simple two-layer bed
model: a first layer, which is easily erodible with a thick-
ness of 0.5 m, and a second layer, which is much more
difficult to erode and with a thickness of 1.5 m. Although
this model is a rather simplistic approximation of the real
situation, it contains some essential characteristics such as
the limited availability of erodible sediment for resuspen-
sion from the bottom.

The current study considers two types of bed material, non-
cohesive (sand) and cohesive (mud) sediment. The properties
of bed material used in the model are given in Table 1. For
each type of sediment, the transport mechanism is different.
Sand is mainly transported as bedload, cohesive sediment
mainly as suspended load, but both modes of transport con-
sume energy. From this perspective, the available energy in
the system is likely to be overestimated if only considering

Fig. 16 Water level at node 8949

Fig. 17 Water level at node
27326
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cohesive or non-cohesive sediments. Thus, a new scheme ac-
counting for mixed-sediment transport has been developed
(Fig. 4).

The bedload is calculated only for non-cohesive sediment.
The formula from van Rijn (1984) is used:

q* ¼ 0:053

d*
0:3

τ*

τ*crit
−1

� �2:1

ð9Þ

and:

q* ¼ qbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s−1ð Þgd3

q ð10Þ

τ* ¼ τb
ρ s−1ð Þgd ð11Þ

d* ¼ d
s−1ð Þg
ν2

� �1=3
ð12Þ

in which q*=dimensionless bed flux, τ*=Shields stress, d*=
dimensionless particle diameter, qb=bedload transport rate
(m2/s) (volume rate of transport per unit length of surface),
τb=bed shear stress (kg m−1 s−2), d=particle diameter (m),
ρs=sand density (kg/m3), ρ=fluid density (kg/m3), s=ρs/ρ=

relative density, ν=kinematic viscosity of fluid (m2/s) and g=
gravity acceleration (m/s2).

Suspended-load concentration in a depth-averaged model
is obtained by integrating the 3D sediment transport equation
over the water depth:

∂hC
∂t

þ ∂ hUCð Þ
∂x

þ ∂ hVCð Þ
∂y

¼ ∂
∂x

hεs
∂C
∂x

� �

þ ∂
∂y

hεs
∂C
∂y

� �
þ E−D ð13Þ

where C=the total suspension concentration (kg/m3); h=wa-
ter depth (m) (assuming that the bedload layer thickness is
very thin); U and V=the depth-averaged velocity components
(m/s); ϵs = the diffusion coefficient, E=erosion flux
(kg m−2 s−1); and D=deposition flux (kg m−2 s−1).

In the Scheldt estuary, the effective settling velocity can be
affected bymany factors, e.g. initial suspension concentration,
flow unsteadiness, waves and tidal phase effects, which may
cause a delayed settling of sediment particles (da Silva et al.
2006). For the cohesive sediment, the commonly used settling
velocity in the Scheldt estuary is about 0.001 m/s, which is
generally larger than the settling velocity based on the indi-
vidual particle size; thus, it implicitly accounts for the aggre-
gation of cohesive particles into flocs (Fettweis and Van den
Eynde 2003; van Kessel et al. 2011; Dam and Bliek 2013).
The settling velocity of sand in the Scheldt estuary is set to
0.01 m/s, following the study of Hoogduin et al. (2009). Dam
et al. (2007) used a slightly higher value 0.015 cm/s as the fall
velocity of sand in their morphological model of the Western
Scheldt estuary. The sedimentation and erosion patterns and

Fig. 18 Water level at node
28492

Fig. 19 Water level at node
30783
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magnitude reproduced by the model close to the Port of
Zeebrugge is consistent with the observations from the
Quest4D project (Figs. 32 and 33), which also supports that
the settling velocity for this study is appropriate. However,
one should realise that the latter value also compensates for
the fact that resuspension bywaves, which is known to play an
important role in the coastal zone, is not accounted for in the
present model.

Fettweis and Van den Eynde (2003) suggest that the
bulk density of mud found near Zeebrugge is about
1500–1600 kg/m3, and the critical shear stress for erosion
varies between 0.5 Pa (freshly deposited mud) and 0.8 Pa
(after 48 h). Due to the existence of two types of sediment
particles, the critical shear stress for erosion of a mixture is
the combination of the values of sand and mud. The com-
monly used values for pure sand (0.2–0.35 Pa) cannot rep-
resent the mixture properties and lead to excessive erosion
of the fine fraction. Therefore, the numerical tests suggest a
higher value for the critical shear stress for erosion. The
most significant effect on erosion resistance occurs on the
addition of small percentages by weight of mud to sand.
This is confirmed by the study of Mitchener and Torfs
(1996), in which the critical shear stress for erosion can
be easily above 0.5 Pa with just a small fraction (4–5 %)
of cohesive mud added in. Because the bed composition
data shows that a fraction of mud is observed almost ev-
erywhere in the domain, the higher value of critical shear
stress for erosion of sand is considered as appropriate in
this study.

During the erosion phase, the methodology for model-
ling mixed-sediment from Waeles (2005) is employed.
According to his study, the sand–mud mixture can be
categorised as non-cohesive, mixed and cohesive, based
on its sand–mud composition. Each category has its unique

characteristics and behaviour. For the application in the
Scheldt Estuary, the lower bound of the critical mud frac-
tion is set to 30 % and the upper bound is 50 %. The
mixture that contains mud <30 % is in the non-cohesive
regime and is considered as sand; those having mud >50 %
are in the cohesive regime and are treated as mud; the rest
is in the mixed-sediment regime. The lower and upper
bounds of critical mud fractions is suggested by the study
of Panagiotopoulos et al. (1997) and Mitchener and Torfs
(1996). As the mud fraction increases, the available space
between the sand grains decreases. When the mass fraction
of mud is lower than about 30 % (corresponding to volume
fraction approximately 11 %), the sand grains remain in
contact with each other. When the mud fraction exceeds
30 %, spaces between sand particles are filled by mud
particles, which can form a matrix, and, in this case,
pivoting is no longer the main mechanism responsible for
resuspension of sand grains. Consequently, the whole mix-
ture does not behave like a non-cohesive sediment any
more. In Mitchener and Torfs’ study, the critical shear in-
creases significantly when mud is added to sand (0–30 %
mud). There is an optimal ratio of sand content in a mixed
bed at which the critical erosion shear stress is a maximum.
The optimum sand fraction appears to be between 50 and
70 % by weight of sand. Therefore, the lower and upper
bounds of critical mud fractions were set at 30 and 50 %.
These values are also used in the study of Waeles et al.
(2007). The critical shear stress for erosion is calculated
as function of the mud fraction (fm) as follows (Waeles
2005):

Non-cohesive regime (fm<30 %):

τ ce ¼ τ ce;s þ x1⋅ f m ð14Þ

Fig. 20 Velocity magnitude at
node 779

Fig. 21 Velocity magnitude at
node 814
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Mixture regime (30 %<fm<50 %):

τ ce ¼
τ ce;s þ x1⋅ f m;crit

f m;crit*− f m;crit
f m;crit*− f m

� 	

þ f m− f m;crit

f m;crit*− f m;crit
τce;m ð15Þ

Cohesive regime (fm>50 %):

τ ce ¼ τ ce;m ð16Þ

where τce, τce,s and τce,m= the critical shear stresses
(kg m−1 s−2) for erosion of mixture, sand and mud respec-
tively; x1=a calibration constant; and fm,crit and fm,crit*=
the lower and upper bounds of critical mud fraction,
respectively.

The calibration constant x1 is 0.5 in the current study,
which is considered suitable for the Scheldt estuary ac-
cording to the studies of Mitchener and Torfs (1996) and
Fettweis and Van den Eynde (2003). Figure 5 shows the
critical shear stress for erosion as a function of the mud
fraction in two bed layers. In the non-cohesive regime,
sediment particles behave like sand, so the consolidation
process is ignored. The critical shear stress for erosion
increases when the mud is added to sand. When the
mud fraction exceeds 30 %, the transitional regime is
reached where different behaviour in the upper and lower
bed layers is expected. In the upper layer, the excessive
mud particles will accumulate and due to the loose form,

the critical shear stress for erosion begins to decrease; in
the lower layer, the consolidation process will give extra
erosion resistance to the bed material. When the mud
fraction exceeds 50 %, the maximum critical shear stress
for erosion is reached in the lower layer, which is 0.8 Pa,
the same as for mud consolidated for over 48 h; while in
the upper layer, the sediment behaves like freshly depos-
ited mud, so the same value of 0.5 Pa is assigned. The
calibration constant x1 is set to 0.5 to ensure the critical
shear stress for erosion does not exceed the maximum
value before the mud fraction exceeding 50 %, to preserve
the characteristics of the sand–mud mixtures in different
regimes.

The erosion rate can be determined depending on the re-
gime of the mixed sediment following the same procedure of
Waeles (2005):

Non-cohesive regime (fm<30 %):

Es ¼ 1− f mð Þ⋅E0s⋅Ta ð17Þ

Em ¼ f m⋅E0s⋅Ta ð18Þ

Mixture regime (30 %<fm<50 %):

Es ¼ 1− f mð Þ⋅ E0s þ E0m−E0s

f m;crit*− f m;crit
⋅ f m− f m;crit

� 	" #
⋅

T
aþ 1−a

fm;crit*− fm;crit
⋅ f m− f m;critð Þ

h i
ð19Þ

Fig. 22 Velocity magnitude at
node 28492

Fig. 23 Velocity magnitude at
node 30783
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Em ¼ f m⋅ E0s þ E0m−E0s

f m;crit*− f m;crit
⋅ f m− f m;crit

� 	" #
⋅

T
aþ 1−a

fm;crit*− fm;crit
⋅ f m− f m;critð Þ

h i
ð20Þ

Cohesive regime (fm>50 %):

Es ¼ 1− f mð Þ⋅E0m⋅T ð21Þ

Em ¼ f m⋅E0m⋅T ð22Þ

in which Es and Em=the erosion rate (kg m
−2 s−1) for sand and

mud, respectively; E0s and E0m= the erosion constant
(kg m−2 s−1) for non-cohesive regime and cohesive regime,
respectively; T= (τ− τce)/τce, τ= the bed shear stress
(kg m−1 s−2); τce=the critical shear stress (kg m−1 s−2) for
erosion; and a=0.5, a constant suggested in the study of
Waeles et al. (2007), which is suitable for most cases.

The erosion constants E0s and E0m are determined based on
the study of Mitchener and Torfs (1996), in which they report-
ed that the erosion rate for pure mud beds (0.05–0.1×
10−3 kg m−2 s−1) was an order of magnitude higher than for
the 20 and 40 % sand beds (0.005–0.03×10−3 kg m−2 s−1).
Therefore, in this study, the erosion constant E0s for the non-
cohesive regime is assumed 0.01×10−3 kg m−2 s−1, and the
erosion constant E0m for the cohesive regime is 0.1×
10−3 kg m−2 s−1.

Since the vertical energy balance is not resolved in a
2DH model, the traditional deposition law, proposed by

Krone (1962), is used. A new deposition criterion, which
has been derived from a suspension capacity condition
proposed by Toorman (2000 and 2002), has been intro-
duced in this study, which allows estimating the critical
stress for deposition in each node and no longer needs
calibration. Since shear flow produces turbulence, the crit-
ical ‘shear stress’ for deposition can be related to the total
amount of turbulent energy that is required to keep a
number of sediment particles in suspension. When the
bed shear stress cannot provide the fluid with enough
energy that is needed to maintain all the suspended parti-
cles in the water column, deposition shall begin. The ex-
cessive sediment settles down to the bottom until the en-
ergy balance is restored.

The critical shear stress for deposition, obtained by
inversion of Toorman’s suspension capacity criterion,
has been split into two parts in order to deal with sand–
mud mixtures. In this case, the total required turbulent
energy is also divided over both sediment fractions: Part
of it is used to keep non-cohesive particles in suspension,
and the rest is used to keep cohesive particles in suspen-
sion. The corresponding ‘critical stresses’ are given in the
following equations:

τ cd;s ¼ 1−ρw=ρsð Þgh
Rf

wsCs

U
ð23Þ

τ cd;m ¼ 1−ρw=ρmð Þgh
Rf

wmCm

U
ð24Þ

Fig. 24 Salinity at node 814

Fig. 25 Salinity at node 27326
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Rf ¼ 0:25
u*
wa

� �2

⋅
0:01

1þ 0:01 u*
wa


 �2 ð25Þ

wa ¼ wsCs þ wmCm

Cs þ Cm
ð26Þ

where τcd,s and τcd,m=the critical shear stress (kg m
−1 s−2) for

sand and mud deposition, respectively; ρw is the fluid density
(kg/m3); ρs=sand density (kg/m

3); ρm=mud density (kg/m3);
Rf = flux Richardson number for mixture at suspension ca-
pacity, which expresses the ratio of suspension potential to
turbulent kinetic energy (its value is usually<0.1, based on
the analysis of various experimental data sets from field and
laboratory measurements; Toorman 2003); u*=the shear ve-
locity (m/s); g=gravity acceleration (m/s2); ws and wm=the
settling velocities (m/s) of sand and mud, respectively; wa=
the averaged settling velocity (m/s) of mixture; Cs and Cm=
the depth-averaged suspension mass concentration (kg/m3) of
sand and mud, respectively; andU=the magnitude of velocity
(m/s).

Krone’s deposition law (1962) subsequently is adapted to
be used for calculating the deposition flux of each fraction,
without violating the energy balance:

ps ¼ max 1−
Cs

Cs þ Cm

τ
τ cd;s

; 0

� �
ð27Þ

pm ¼ max 1−
Cm

Cs þ Cm

τ
τcd;m

; 0

� �
ð28Þ

Ds ¼ wsCsð Þ⋅ps ð29Þ

Dm ¼ wmCmð Þ⋅pm ð30Þ

where ps and pm are deposition probabilities of sand and mud,
respectively; Ds is the deposition flux (kg m−2 s−1) of sand;
and Dm is the deposition flux of mud (kg m−2 s−1).

The bed evolution is calculated using the Exner equation
with an additional source term, allowing the inclusion of ex-
ternal changes caused by the erosion and deposition of sedi-
ment particles. The following form of the Exner equation is
used in the study:

1−nð Þ∂Zb

∂t
þ ∇⋅Qb þ E−Dð Þ ¼ 0 ð31Þ

where n is the bed porosity, Zb is the bottom elevation (m),Qb

is the bedload transport rate per unit width (m2/s), E is the
erosion flux and D is the deposition flux (m/s). It is worth
pointing out here that the bed porosity is an estimate value
considering cohesive particles filling up part of the spaces

Fig. 26 Salinity at node 28492

Fig. 27 Suspended-sediment
concentration at node 779
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between non-cohesive particles, and the erosion and deposi-
tion flux consists of contributions from both cohesive and
non-cohesive sediments.

When computing the bed evolution, an iterative procedure
is employed, where at each time step, the top layer is eroded
first. Once it is empty, the erosion of the second layer starts.
The deposited sediment always has the properties of a fresh
deposit, i.e. the critical shear stress is as in the first layer. The
sand/mud composition, however, is recalculated at each time
step based on the mass fraction of sand/mud at each particular
location after erosion/deposition processes, and the latest val-
ue is assigned to the new deposits. The scheme is illustrated
in Fig. 6.

2.3 The new friction law based on the generalised
mixing-length theory

Part of the energy from currents and waves is dissipated by
friction with the bottom and becomes more and more important
with decreasing water depth. In theoretical and numerical
models to quantify water and/or sediment movement, this en-
ergy loss is described by an empirical or semi-empirical rough-
ness closure (van Rijn 1993). In practice, it introduces a single
roughness parameter (sometimes related to the grain size of the
bottom sediment or to bed form dimensions), which is calibrat-
ed by comparison of predicted and measured water levels.

Research, supported by laboratory and numerical experi-
ments, has demonstrated that, in the presence of suspended
sediments, the traditional approach is not able to predict the
correct velocity fields, especially near the bottom (Toorman
and Bi 2013a). This has serious implications for flows over
shallow areas (i.e. near-shore and intertidal areas) and for the
estimation of sediment budgets in particular. Therefore, hy-
drodynamic models for coastal and estuarine areas, in partic-
ular when applied to the nearshore and intertidal areas, should

be improved by implementation of a more physically based
bottom-friction model.

For this purpose, a new modelling strategy developed by
Toorman andBi (2011, 2012, 2013a, b, c) has been implement-
ed in the model for analysing the Western Scheldt estuary. It
consists of a new generic friction model that accounts not only
for the energy dissipation caused by the flow over the bottom
roughness structures but also for the dissipation induced by the
inertia of the suspended particles (Toorman 2011). The latter is
no longer negligible above the bed where high concentrations
of suspended matter are encountered. This process explains the
drag modulation by suspended matter reported in the literature
(Toorman and Bi 2013b, and references therein).

The new generic friction model is based on a GML theory,
proposed by Toorman (in preparation) and inspired by the idea
of van Driest (1956). By extending the validity of a turbulence
model into the low-Reynolds layer, where viscous dissipation
(and possibly other dissipation mechanisms) can no longer be
neglected, down to the wall with a carefully calibrated
damping function fA, and accounting for the viscous stress in
the laminar wall layer, the GML theory allows transient con-
ditions being included in the model. In the case of a rough
bottom, the introducing of a sub-grid-scale viscosity can ac-
count for the additional sub-grid-scale energy dissipation in
the eddies generated between roughness elements. Similarly,
turbulence generation in the wake of sediment particles, as
already suggested by Elghobashi (1994), can also be taken
into account.

The steady-state vertical stress balance at a distance z above
the bed in open-channel flow of sediment-laden water can be
written as:

ρ ν þ νSGS þ νtð Þ∂U
∂z

¼ τ0 1−ηð Þ ð32Þ

Fig. 28 Suspended-sediment
concentration at node 814

Fig. 29 Suspended-sediment
concentration at node 27326
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whereU=local flow velocity (m/s); τ0=ρu*
2=bed shear stress

(kg m−1 s−2) with u* the shear velocity (m/s); η=z/h, with h=
water depth (m); ρ=density of the sediment-laden water (kg/
m3); ν=kinematic viscosity of the sediment-laden water (m2/
s) (including concentration effects, such as intergranular fric-
tion); νt=turbulent eddy viscosity (m

2/s); and νSGS=sub-grid-
scale turbulence (m2/s) generated by vortex shedding in the
wake of bed roughness elements and/or of suspended parti-
cles. The eddy viscosity in the fully developed outer layer is
computed with the well-known parabolic profile, following
Prandtl’s mixing length theory (Prandtl 1925) applied to
steady open-channel flow (Eq. 32 with neglect of ν and
νSGS). In the inner layer, comprising the intermediate transient
layer and the viscous sublayer at the bottom, this eddy viscos-
ity has to be corrected with an empirically determined
damping function (fA).

Rearrangement and non-dimensionalisation of Eq. 32
yields:

∂Uþ
∂zþ

¼ 1−ηð Þ
1þ Bþ þ f Aκzþ 1−ηð Þ ð33Þ

in which U+=U/u*=velocity U non-dimensionalised by the
shear velocity u*; z+=zu*/ν=distance from the bottom z non-
dimensionalised by the length-scale ν/u*; B+=νSGS/ν=GML
model parameter, empirically found to be proportional to the
sediment concentration (cf. Fig. 7); and κ=the von Karman
coefficient (which may have a lower value than the original
constant 0.41 due to sediments in suspension). This newGML
model has been calibrated against large eddy simulation (LES)
data for open-channel flow over a wavy bottom from Widera

et al. (2009) and the experimental flume data for sand suspen-
sions from Cellino (1998) (Fig. 7).

For engineering applications, the above theory has been
converted into a 2DH friction model. In principle, this is ob-
tained by computing the depth-averaged velocity by integra-
tion over depth of the theoretical velocity profile and solving
the equation for the shear velocity u*. In order to allow both
transient conditions (i.e. 5<h+<100—see Eq. 38) and the
transition during drying/wetting of tidal flats, it is necessary
to combine the laminar and turbulent contributions. However,
since Eq. 33 does not allow an analytical solution, the proce-
dure is applied to the theoretical parabolic profile for laminar
flow and the logarithmic profile for fully developed turbulent
flow (integrated from the roughness height to the surface). The
final bed shear stress is then obtained by superposition of the
laminar and the turbulent stress, applying a damping function
to the turbulent stress towards the bottom (confirm observa-
tions, and simultaneously avoiding numerical problems).
Therefore, the bed shear stress can be directly computed as
follows (Toorman and Bi 2012):

τb=ρ ¼ u*
2 ¼ f Au*turb

2 þ u*lam
2 ¼ f A

κU
ln h=z0ð Þ−1þ z0=h

� �2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
z0 þ βφhð Þ U

h

� �2

þ 3
U

h
ν φð Þ

s
þ 3

2
z0 þ βφhð Þ U

h

2
4

3
5
2

ð34Þ

where τb=the bed shear stress (kg m−1 s−2); ρ=the density of
water (kg/m3); u*=the shear velocity (m/s); u*turb=the shear
velocity for fully developed turbulent open-channel flow
(m/s); u*lam=the shear velocity for laminar open-channel flow

Fig. 30 Suspended-sediment
concentration at node 28492

Fig. 31 Suspended-sediment
concentration at node 30783
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(m/s); κ=the von Karman coefficient (which decreases from
the clear water value 0.41 to lower values depending on the
sediment load); U=the local depth-averaged flow velocity
(m/s); h=the local water depth (m); β=the suspension friction
(or apparent roughness) coefficient, which is 0.045 (found
using data fitting for Fig. 7); νw=the water viscosity (m2/s);
φ=the volumetric suspended particle concentration; and z0=
the effective roughness length scale (m).

Unlike other models, which assume hydraulic rough con-
ditions, z0 is computed from the following relation, which
covers the entire range from hydraulic smooth (first term on
the right) to hydraulic rough (second term):

z0þ ¼ z0u*
ν

¼ exp −κB0ð Þ þ f β ksþð Þksþexp −κB∞ð Þ ð35Þ

where z0 and ks (the equivalent Nikuradse roughness length
scale) are non-dimensionalised with ν/u* to z0+ and ks+; B0=
5.5 and B∞=8.5, respectively, the smooth and rough values of
the constant in the non-dimensional logarithmic velocity

profiles (u/u*=κ
−1 ln(z/ks)+B) (Nikuradse 1933), and with

an empirical damping function:

f β ksþð Þ ¼ 1−exp −ksþexp −κB∞ð Þ½ � ð36Þ

which matches the entire Nikuradse (1933) data set. In the
present simulation, ks=0.03 m, considering bedforms.
Extension to hydraulic smooth conditions is necessary to in-
clude the physics of transition to laminar thin film flow when
the water depth goes to zero.

The turbulence damping factor fA has the following form
(similar to the damping function in Eq. 33):

f A ¼ 1−exp −hþ=Aþð Þ½ �2 ð37Þ

withA+=17, an empirical value, and with the water depth non-
dimensionalised as:

Fig. 32 Suspension
concentration (g/l) averaged over
one tidal cycle on 4th December
2009

Fig. 33 Modelled erosion and
accumulation (m) of sediment
around Port of Zeebrugge after
1 year
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hþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Uh=ν

p
ð38Þ

Finally, the suspension viscosity ν(φ) is a function of the
suspension concentration and can be expressed empirically as:

ν φð Þ ¼ νw 1þ Cs

Cre f

h

hre f

� �
ð39Þ

The empirical parameters (Cref=0.222 g/l and href=0.12 m) in
Eq. 39 have also been obtained from calibration with the ex-
perimental data from Cellino (1998), shown in Fig. 7.

In summary, the dissipative effect of suspended sediment is
incorporated into the closures for the effective roughness
(which actually is a length scale related to the turbulent eddies
generated by vortex shedding over roughness elements and in
the wake of particles) and the suspension viscosity (e.g. in-
cluding steric hindrance and granular friction of dense sand
suspension or non-Newtonian behaviour of fluid mud).

Unlike in traditional hydrodynamic models (e.g.
Hervouet 2007; Amoudry 2008), this new bottom-
friction model accounts for the water depth and remains
valid in turbulent, transient and laminar flows until an
intertidal area falls dry. Due the fact that the classical
friction law in traditional models is only valid for fully
developed turbulent flow conditions, an inundation
threshold has to be imposed, which keeps the water level

Fig. 34 Measured erosion and sedimentation near the Port of Zeebrugge between 1999 and 2009 (Janssens et al. 2012)

Fig. 35 A typical tidal cycle in
the Scheldt estuary
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at a minimum height, to avoid numerical problems. When
two neighbouring nodes with a different bottom level are
in that state, a gravity driven flow will be induced from
the node at higher elevation to the one at lower elevation.
This artificial flow may become too strong and cause ero-
sion, which does not occur in reality. The problem can be
reduced by taking a high enough threshold value and/or
by temporarily removing grid cells from the computation-
al domain (‘masking’). In practice, it turns out that there
often remain nodes where the problem persists. The new
friction law avoids this problem by increasing the rough-
ness with decreasing water depth and the friction tends to
infinity as soon as the inundation threshold, taken equal to
the equivalent roughness height z0, is reached, preventing
flow. Masking is no longer necessary and mass conserva-
tion is much better guaranteed. Subsequently, the model
allows a more accurate (and numerically stable) prediction
of hydrodynamics over intertidal flats, since no inunda-
tion threshold needs to be specified any longer.
Furthermore, for studying morphodynamics of the chan-
nel system in the estuary (e.g. the Scheldt estuary), a
correct representation of residual flow circulations related
to ebb and flood channels requires spatial and tidal phase
dependent roughness values (Fokkink 1998), which
makes this new bottom-friction model important for the
coastal and estuarine studies. Figure 8 shows the spatial
and temporal variations in Chézy coefficients obtained
from this new bottom friction law. The different model
behaviour is also clearly demonstrated in Fig. 9.

3 Calibration and validation

The model has been calibrated against the time series of mea-
surements in 2009 at several locations both in the upstream
and in the downstream near the Belgian coast. The available
data sets are provided by the Royal Belgian Institute of
Natural Sciences, Operational Directorate Nature (former
Management Unit of the North Sea Mathematical Models
and the Scheldt estuary, MUMM), Flanders Hydraulics
Research (Waterbouwkundig Laboratorium) and IMDC,
Belgium, and Rijkswaters taat , Centre for Water
Management, The Netherlands.

The measurements close to the Port of Zeebrugge are
taken and processed under the framework of ‘Monitoring
and modelling of cohesive sediment transport and evalu-
ation of the effects on the marine ecosystem as a result of
dredging and dumping operations’ (MOMO) by MUMM
and RV Belgica in the period January to December, 2009
(Backers and Hindryckx 2010). There are four field cam-
paigns carried out and during these campaigns, water lev-
el, flow velocity and direction, and turbidity, are continu-
ously measured as well as some basic parameters (temper-
ature, salinity, density, fluorescence and meteorological
data) during one or several measurement cycles. In addi-
tion, the necessary water samples are taken for calibration.
The measurement locations are indicated in Fig. 10, and
their coordinates are given in Table 2. These data are
mainly used for calibration of the suspended-sediment
concentration and salinity near the Belgian coast.

Fig. 36 Suspension concentration (g/l) evolving within a typical tidal cycle
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Rijkswaterstaat, Centre for Water Management,
The Netherlands, has the monitoring network all over the
Scheldt estuary, but those measurements are mainly water
level, temperature and wind speed. The time series of mea-
surements can be downloaded from the WTZ database in the
Hydro Meteo Centrum (http://www.meetadviesdienst.nl/nl/
water-en-weer.htm). Thus, these data sets are used to
calibrate the hydrodynamics in the coastal areas and as a

complementary to MUMM data. The measurement locations
in the interested area are indicated in Fig. 11, and their
coordinates are given in Table 3.

The third set of measurements mainly located in the up-
stream of Scheldt close the Port of Antwerp, carried out by
Flanders Hydraulics Research and IMDC, under the project
‘Prolonged measurements in Deurganckdok: Follow-up and
accretion analysis’, which is the long-term measurements

Fig. 37 Computed residual velocity (m/s, upper figure) and the bedload
transport (m2/s, lower figure) over a period of 1 year. The red areas
indicate the flood-dominated channels, and the blue areas are the ebb-

dominated channels. It also reveals the sediment circulation patterns and
residual transport paths in the Terneuzen section of the Scheldt estuary
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conducted in Deurganckdok aiming at the monitoring and
analysis of silt accretion (International Marine and Dredging
Consultants et al. 2010). This measurement campaign is an
extension of the study ‘Extension of the study about density
currents in the Beneden Zeeschelde’ as part of the Long-Term
Vision for the Scheldt estuary. The available measurements
are in the period April 2008 to March 2009, including up-
stream discharge in the river Scheldt; salt and sediment con-
centration in the Lower Sea Scheldt taken from permanent
data acquisition sites at Oosterweel, Prosperpolder and up-
and downstream of the Deurganckdok; near-bed processes in
the central trench in the dock, near the entrance as well as near
the landward end; near-bed turbidity, near-bed current velocity
and bed elevation variations; current, salt and sediment trans-
port at the entrance of Deurganckdok and vertical sediment
and salt profiles recorded with the SiltProfiler equipment; and
dredging and dumping activities. The measurement locations
are indicated in Fig. 12, and their coordinates are given in
Table 4. These data sets contain the measurements of water
level, velocity magnitude, salinity level and suspension con-
centration in the simulation period 2009.

The calibration is carried out for the hydrodynamic model
first, since the flow conditions are crucial for the sediment

transport. The main parameter calibrated at this step is the
bottom friction coefficient (expressed in terms of a Chézy
coefficient). The sediment transport model is considered reli-
able only when realistic flow conditions can be reproduced.
The following features are most valued when evaluating the
hydrodynamic model:

& The free surface elevation at the tidal cycle and seasonal
time scales

& The magnitude of the velocity at different locations
& The salinity level in the mixing zone and in the coastal area.

Once the validity of the hydrodynamic model has been
assured, it is then coupled with the sediment transport model
for further calibration, since the implementation of the new
friction law and the bed evolution will also alter the flow
conditions to a certain extent. This time the calibration not
only focusses on the hydrodynamics but also on the
suspended-sediment concentration (The depth-averaged re-
sults have been converted based on Fig. 13 in order to be in
accordance with data measured at different depths). The crit-
ical shear stresses for erosion of sand and mud, as well as their
erosion constants are the main parameters for calibration

Fig. 38 Suspended sediments
concentration (g/l) from ConR
case averaged over one tidal cycle

Fig. 39 Suspended sediments
concentration (g/l) from DepR
case averaged over one tidal cycle
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during this step. The model is evaluated as effective if the
following features can be accurately represented:

& The order of magnitude of the suspended-sediment con-
centration throughout the estuary system

& The tidal and seasonal variations of the suspended-
sediment concentration

& The turbidity maximum areas in the estuary.

The model incorporated with the new friction law, including
the concentration effects, is used during the calibration and
validation processes because it is more physics based and it is
likely to perform better. For the hydrodynamics in the Scheldt
estuary, water level, magnitude of velocity and salinity level are
shown in Figs. 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30 and 31 with comparison to the measured data.

In general, the water levels obtained from the model show
good agreement with the measured data throughout the estuary
and the upstream river network. It is worth mentioning here
that, once the new friction law is implemented, the model gives
good predictions in terms of water levels without tuning of the
bottom friction parameters for specific areas, since the depth
dependence is dominant relative to the influence of the

roughness height ks. The comparisons are performed at three
locations (nodes 4448, 5482 and 8949) in the downstream near
the coast and three locations (nodes 27326, 28492 and 30783)
in the upstream, close to the Port of Antwerp. Van Kessel et al.
(2006) reported the tidal range at Vlissingen during a typical
spring-neap tide varies from 2.97 to 4.46 m. It first increases
towards the upstream, as it is affected by convergence and
reflection. At Schelle (upstream of Antwerp), the tidal range
during a typical spring-neap tide varies from 4.49 to 5.93 m,
which is larger than at the mouth. Further upstream, the tidal
wave decreases due to dissipation. This characteristic is also
reproduced by the model. The variations of the free surface at
all these locations with the measured data are shown in
Figs. 14, 15, 16, 17, 18 and 19. In the locations close to
Vlissingen (nodes 4448, 5482 and 8949), the tidal range is
around 2.8 m up to 4.9 m. This is smaller than the tidal range
in locations in the upstream (nodes 27326, 28492 and 30783)
before it reaches Schelle, which is from about 4.2 m to 6.0 m.

The measured velocity magnitude during the simulation
period is available at four locations, two near the Port of
Zeebrugge (nodes 779 and 814) and the other two (nodes
28492 and 30783) in the upstream close to the Port of
Antwerp. Figures 20, 21, 22 and 23 show the simulation

Fig. 40 Suspended sediments
concentration (g/l) from DepCsR
case averaged over one tidal cycle

Fig. 41 Differences of
suspension concentration (g/l)
predicted in the DepR case
compared with the ConR case
over the same tidal cycle on 4th
December 2009
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results compared with the measurements. The depths of mea-
surements are given in Tables 2 and 4. The modelled depth-
averaged velocities have been converted into the values at the
corresponding depths (assuming a logarithmic profile) for
proper model-data comparison. In general, the magnitude of
the velocity obtained from the model is similar to the measure-
ments except for the node 779, at which there is underestima-
tion of the peaks during the high tide. The velocity in the
upstream is larger than in the coastal area, which is consistent
with the observations reported by van Kessel et al. (2006).

Three locations are selected to compare the salinity level
from the results with the measurements. Node 814 is located
in the coastal area near the Port of Zeebrugge (Figs. 24, 25 and
26). The time series of the measured data is available from
February to April 2009. The salinity level near the Belgian
coast is about 31 g/l. The underestimations of the peaks can be

easily seen at 14th and 30th of March, but in general, the
simulated result matches the measurements at node 814. The
other two locations (nodes 27326 and 28492) are in the par-
tially mixed zone (Peters 1975; Nihoul et al. 1978) far away
from the downstream. The salinity level in this area fluctuates
between 6 and 10 g/l. The results show good agreement with
the measured data at both nodes during that period. The more
or less constant low value at ebb tide in theses upstream nodes
can be explained by the constant water discharge imposed as
upstream boundary conditions, due to the lack of time series
data.

The suspended-sediment concentration consists of the con-
tributions from both cohesive and non-cohesive sediment.
However, the concentration of suspended non-cohesive sedi-
ment is about two orders of magnitude lower compared to
cohesive sediment, as expected. The results are plotted in

Fig. 42 Differences of
suspension concentration (g/l)
predicted in the DepCsR case
compared with the ConR case
over the same tidal cycle on 4th
December 2009

Fig. 43 Transects defined in the model for calculating sediment fluxes
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Figs. 27, 28, 29, 30 and 31 with comparison with measure-
ments at five locations (nodes 779, 814, 27326, 28492 and
30783). Again, for better comparison, the simulated depth-
averaged concentrations have been converted into the values
at corresponding depths based on the shape of the measured
suspension concentration profile of Fig. 13. In general, the
magnitude of the suspension concentration approximately
matches the measured data. There are some deviations in the
results, e.g. underestimations of the peaks at certain time steps.
But, considering that the model is depth-averaged and without
coupling with the wave model, which becomes important in
the coastal areas, this is not surprising. The phases of the time
series of suspension concentration generated by the model
show good agreement with measurements while the underes-
timation of peaks most likely can be explained by lack of
wave action, which is ignored in this study.

It is worth pointing out that, in the upstream locations,
especially in nodes 28492 and 30783, the simulated suspen-
sion concentration rapidly decreases after reaching the peaks,
while the measurements tend to maintain higher concentration
for longer period. Taking into account the locations, a possible
explanation could be disturbance by human activities. Nodes
28492 and 30783 are located in a busy navigation channel in
the upstream. The comparison with measured data may indi-
cate that the ship cruising, dredging or other activities during
the period mid-January to late March were intensive and in-
fluenced the suspension concentration. After that, those activ-
ities seem to have reduced, and the suspended sediment was
also less disturbed, which could explain the better agreement
with data at the end of March in all three upstream locations.

Besides the calibration against the point measurements, the
spatial variability of the suspended-sediment concentration
has also been examined. In the Scheldt estuary, the turbidity

maximum zone is observed in different regions where a large
amount of cohesive sediment particles are accumulated. These
sediments are continually deposited and resuspended by the
tidal flow. The distribution of suspended matter is influenced
by a range of interrelated processes, e.g. temperature and bio-
logical activity, fresh water discharge and salinity, hydrody-
namic conditions and turbulence, mineralogical composition,
chemical conditions, aggregation and flocculation (Meire
et al. 2005).

Three turbidity maximum zones can be observed in the
Scheldt estuary, one in front of the Belgian coast around the
Port of Zeebrugge, one at the freshwater/seawater interface in
the downstream and a third one situated at about 50–110 km
from the mouth originating from tidal asymmetry (Baeyens
et al. 1998; Fettweis et al. 1998; Herman and Heip 1999). As
indicated in Fig. 32, these turbidity maximum zones are
reproduced by the model.

The Port of Zeebrugge is a major port in Europe and also an
important multifaceted port in north-western Belgium. For
better port management and toward sustainable development,
many research tools were developed for investigating the flow
conditions and sedimentation around Zeebrugge, in order to
provide scientific advice to policy makers by simulating many
different scenarios. In order to evaluate the quality of the
model particularly in this area, the erosion and sedimentation
around the Port of Zeebrugge after 1 year simulation is care-
fully examined. The reference data are from the Quest4D pro-
ject in which they measured topography and bathymetry
changes over the period 1999–2009 and observed long-term
morphological evolution of the Belgian coast and shelf
(Janssens et al. 2012). Comparing the modelled erosion and
sedimentation patterns with the measurements (Figs. 33 and
34), many similarities can be discovered. Erosion occurs along

Fig. 44 Comparison of
accumulated sediment flux in
1 year at Vlissingen. The Bv2^
result is obtained by an assumed
augmentation of the SPM
concentration during floods with
an average 12 % caused by wave-
induced resuspension (see text for
details)

Fig. 45 Comparison of
accumulated sediment flux in
1 year at Borssele
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the two breakwaters and develops towards the sea. The sedi-
mentation zone appears on the right side of the port. These two
patterns can be observed in both models. The most obvious
difference is that the sedimentation also develops inside the
port near the entrance to the sea, while it is not the case in the
N2V model. Since our model has not been optimised for the
nearshore, there remains still some potential for future
improvements.

4 Results

The calibrated model is then used to investigate the sediment
transport in Scheldt Estuary and, more importantly, to quantify
the concentration effects in the new bottom friction law and its
influence on the sediment flux.

In one tidal cycle on 4th December 2009 as indicated in
Fig. 35, the evolution of sediment concentration can be seen in
Fig. 36. The model shows that the movements of the turbidity
maximum near the Port of Zeebrugge are always counter-
clockwise. Sediment is accumulated at the east side of the
port, then transported around the port towards the south-west
and finally stays at the west side of the port. This is consistent
with the erosion and sedimentation patterns found in the ob-
servations (Janssens et al. 2012) and the modelled results
(Figs. 33 and 34). For the turbidity maximum in the upstream,
its movement seems to react rapidly to the tidal waves. During
the ebb tide, the turbidity maximum shifts towards the down-
stream and then shifts backwards during the flood tide.

The model also shows the ability to represent the residual
flow circulations related to ebb and flood channels. Figure 37
reveals the flood/ebb channel system in the Terneuzen section
of the Scheldt estuary, which is in good agreement with the

study of Jeuken (2000). According to her study, the flood/ebb
channel system is responsible for the residual sediment trans-
port patterns found in the Scheldt, i.e. the sediment circulation
and the transport paths. More sediment is transported land-
ward in the flood channels and seaward in the ebb channels
during a tidal cycle. This is also helpful for explaining the
erosion/sedimentation occurring in the Scheldt.

For the purpose of demonstrating the new physics-based
bottom friction law, two more test cases were created besides
the standard model. The standard model incorporates the full
version of the new friction law including the concentration
effects and is denoted as the DepCsR. The other two are the
test case with constant roughness coefficient (Chézy coeffi-
cient=65, obtained by calibration with water depth data, de-
noted as ConR) and the test case with the new friction law
excluding the concentration effects (denoted as DepR). The
rest of the model settings are identical in all the test cases.

The suspended-sediment distributions from all three cases
averaged over the same tidal cycle on 4th December 2009 are
put together for comparison. As it can be seen from Figs. 38,
39 and 40, similar sediment distribution patterns are found in
both the ConR and DepR cases. However, the suspension
concentration in the North Sea and in the upstream close to
the port of Antwerp is reduced with the simplified version of
the new friction law (without the concentration effects). In the
DepR case, less suspended sediment appears in the river
mouth. It also does not reach the south-west of the port of
Zeebrugge as far as the ConR case. The DepCsR case shows
a different sediment transport pattern compared with other two
cases. In general, higher suspension concentrations are obtain-
ed with the new friction law including the concentration ef-
fects, especially near the coast and in the upstream. The
suspended sediment spreads further near the coastal area and

Fig. 46 Comparison of
accumulated sediment flux in
1 year at Baarland

Fig. 47 Comparison of
accumulated sediment flux in
1 year at Kruiningen
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the turbidity maximum close to the port of Antwerp also ex-
tends further towards the downstream, which is closer to the
observations.

Differences of averaged suspension concentration over the
same tidal cycle betweenDepR and the ConR cases are shown
in Fig. 41 and the differences between DepCsR and the ConR
cases in Fig. 42. Positive values mean higher concentration
compared to the ConR case and vice versa. Figure 41 shows
that the new roughness law without considering the concen-
tration effects used in the DepR case predicts less suspended
sediment around the Port of Zeebrugge than using constant
roughness in the ConR case. There are also underestimations
in the navigation channels near the river mouth compared with
ConR case, while the concentration level in the turbidity max-
imum area close to Antwerp is higher. The better model per-
formance can be clearly seen in the DepCsR case (Fig. 42)
with the new roughness law including the concentration ef-
fects, in which both the predictions in the upstream turbidity
maximum zone, as mentioned earlier, and the predicted con-
centration levels of suspended sediment in the coastal area
have been improved. As indicated in Fig. 36, the suspended
sediment is brought up from the northeast of the Port of
Zeebrugge and then transported along the Belgian coast to-
wards the southwest in within a tidal cycle. The excessive
concentration in the coastal area shown in Fig. 42 implies that
the suspended sediments can be transported further southwest
along the coast in the DepCsR case than the ConR case. This
trend is confirmed by the processed SeaWiFS remote sensing
images by (Fettweis et al. (2007), which shows the seasonal
averages (winter situation, similar as in Figs. 38, 39, 40, 41
and 42) of vertically corrected SPM concentration in the
southern North Sea.

In addition to the suspension concentration, the sediment
flux has also been examined. Again, the results from all three
cases were analysed and compared. For a better understanding
of the sediment circulation in the Scheldt, the entire research
domain has been divided by nine transects (Fig. 43). The
accumulated sediment fluxes were calculated and plotted in
Figs. 44, 45, 46, 47, 48, 49, 50, 51 and 52. The positive value
means the sediment flux has a direction normal to the transect
pointing to the downstream (seaward), while the negative val-
ue means the opposite direction (landward).

The initial (model warming-up) period (the first 40 days of
the year) for each case is eliminated in order to avoid its
influence. All the sediment fluxes start from zero at
00:00:00, 10th February 2009 and accumulate over time.
The results explain how the turbidity maximum areas are
formed in the River Scheldt. The turbidity maximum near
the river mouth is caused by the sediment fluxes coming from
two opposite directions—suspended sediment being
transported upstream at Borssele and transported downstream
at Kruiningen; finally, they converge at the locations in be-
tween, shifting back and forth due to the flood or ebb tide.
Another turbidity maximum is formed in the same way. The
sediment flux is towards the upstream at Deurganckdok, join-
ing the sediment flux in the opposite direction from upstream
Antwerp. The reason behind the sediment flux coming from
different directions could be the tidal asymmetry—the non-
linear processes governed by the basin morphology when as-
tronomic tidal waves propagate into the estuary (Bolle et al.
2010). For this particular case, the horizontal tide is consid-
ered as asymmetric since the differences can be easily found
between the ebb and flood velocities from the results.
Figures 53 and 54 show the velocity components at node

Fig. 48 Comparison of
accumulated sediment flux in v at
Dutch–Belgian boarder

Fig. 49 Comparison of
accumulated sediment flux in
1 year at Deurganckdok
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28492 (in the downstream of Deurganckdok) from 6000 to
7000 h of the simulation. The velocity components are asym-
metric in both directions, and the magnitude of the velocity
towards upstream is almost 30–40 % larger than the opposite
direction. It also reveals that the sediment flux is already in the
upstream direction before reaching the transect at
Deurganckdok.

Comparing the calculated sediment fluxes in all three cases
at each transect does not give clear insight on how the new
bottom friction law affects the sediment flux at a particular
place. It is also determined by the bottom topography, flow
conditions and many other factors. But one thing is sure, that
the concentration effects cannot only alter the distribution of
suspended sediments in the estuary but also have an influence
on the sediment flux in the entire domain and it tends to be
more important in the upstream.

The mass balance for the Scheldt estuary is one of the
enigmas that still is not resolved. A few attempts have been
carried out in the 1990s, which suggest a small yearly import
of mud from the sea into theWestern Scheldt where it deposits
(Wartel and van Eck 2000). The most recent data and simula-
tions suggest that the net inflow of fine-grained sediment dur-
ing flood is of the same order of magnitude as the outflow
during ebb (order 400 ktons/day; van Kessel and Vanlede
2010). These results are confirmed by the present model.
However, the residual transport over a tidal cycle is the differ-
ence between nearly equally large numbers and very sensitive
to proper model settings. Estimations based on the change in
bottom topography over many years and a known inflow from
the continental side suggest confirmation of the earlier trend of
net import of mud over the transect Vlissingen–Breskens, in-
creasing in recent years, attributed to the subsequent

deepenings (Dam and Cleveringa 2013). However, the mud
transport model set up by Deltares, without morphodynamics,
predicted a small net export for the year 2006 (van Kessel and
Vanlede 2010). The present model, the first one accounting
simultaneously for both sand and mud transport and including
morphodynamics, even predicts a net export roughly five
times larger over the year 2009.

In order to trace the likely reason for the discrepancy, de-
spite the overall good predictions of the model, a sensitivity
analysis has been carried out for an arbitrary tidal cycle near
the end of the simulation. The simulated sediment flux (pos-
itive sign means exporting seaward, and vice versa) passing
through the Vlissingen–Breskens transect at the end of
December 2009 is shown in Fig. 54. For this particular cycle,
the net export of mud is found to reach roughly 30 ktons/cycle.
The export is simply explained by the fact, that during flood,
the flow velocity is lower than at ebb, while the flood SPM
concentration varies between 90 and 120 mg/l, whereas the
ebb SPM varies between 100 and 140mg/l. These values lie in
the range of the few scattered data available, giving an average
of 130 mg/l (van Kessel et al. 2011). With only a slight in-
crease of on average 20 % in the mud SPM during flood, the
residual flux over one tide reverses sign. Unfortunately, there
are no systematic SPMmeasurements over a tidal cycle avail-
able for this location at the moment. However, it can easily be
imagined that the SPM values at the sea side are
underestimated in the model since resuspension by waves
has not been modelled.

In Fig. 55, the total SPM with wave-induced resuspension
is approximated heuristically (using a weak power law func-
tion), allowing the SPM to increase gradually during the flood
tidal phase when the flow moves landward. This time, the

Fig. 50 Comparison of
accumulated sediment flux in
1 year downstream of Antwerp
City

Fig. 51 Comparison of
accumulated sediment flux in
1 year upstream of Antwerp City
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cumulated sediment flux (1.6 kt/cycle or 1.17 Mt/year) re-
verses the residual flux direction to import from the seaside,
and its value is also much closer to the one found in the latest
study for the Flemish-Dutch Scheldt Commission (VNSC:
Vlaams-Nederlandse Scheldecommissie) (Cleveringa 2013)
where the conclusion is a net import of the order 0.75 Mm3/
year, which corresponds to 0.9–1.2 Mt/year (depending on the
assumed mud density). To obtain the same net flux over the
entire year 2009, the seaward concentration needs an average
increase of only 12 % (Fig. 44). These computations show the
high sensitivity to assumptions and calculation procedures.

Notice that in other two transects upstream of Vlissingen–
Breskens, the simulated sediment fluxes (Figs. 45 and 46) are
much closer to the values found in the VNSC study
(Cleveringa 2013) at the similar cross-sections in terms of
both direction and magnitude (0.8–1.1 Mt/year at both
Borssele and Baarland, import from the seaside), which sug-
gests that this kind of impact on the net sediment flux is spe-
cifically important in the coastal areas up to the river mouth
and becomes very limited in the upstream. This makes the
assumption about the behaviour of the wave-induced sedi-
ment flux more logical.

However, the simulated results on sediment fluxes may not
necessarily correspond to reality. The reason for caution is the
fact that the transport in the present 2DHmodel is governed by
the depth-averaged velocity. For instance, in the present 2DH
model the bedload transport shows the same accumulated flux
pattern as the suspended load, which is not as expected. In
reality, the transport at the surface may go in the opposite
direction relative to the near-bottom and bedload transport as
a result of freshwater–seawater interaction and inertia.

Therefore, it is strongly recommended to set up a 3D model
where surface and bed currents can be computed individually,
before drawing conclusions on actual residual fluxes, their
direction and magnitude.

5 Conclusion

The KU Leuven–Télémac Western Scheldt model has been
established and used as the first high resolution mixed-
sediment transport model to study the transport patterns and
sediment flux in the Scheldt estuary. A new physics-based
friction law, based on a generalised mixing-length theory
(GML), has been incorporated in this model. A new deposi-
tion criterion based on a suspension capacity condition has
been implemented as well. The critical shear stress for depo-
sition is no longer taken constant, but related to the available
energy for suspending particles. Its instantaneous value is ob-
tained from the local suspension capacity condition. It is no
longer a pure material parameter but a function of sediment
concentration, settling velocity, water depth and bed shear
stress. The model deals with two types of sediments, sand
and mud, and the bed composition of the entire domain is
defined non-uniformly based on survey data. A unified way
of calculating erosion/deposition was used in this study. The
model has been calibrated against measurements at different
locations and is able to reproduce a realistic flow field in
general. Due to the complexity of the research domain, more
data are required for further improvement.

Numerical simulations have been carried out to compare
and analyse the model results obtained for different friction

Fig. 52 Comparison of
accumulated sediment flux in
1 year at Rupelmonde

Fig. 53 Velocity componentU in
X direction at node 28492 from
6000 to 7000 h
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laws. Three bottom friction laws have been implemented and
applied to the same test case (identical model set-up and initial
conditions), partially calibrated and validated with field data
from 2009. The first model applies a constant roughness co-
efficient, which at present is the most current practice in engi-
neering studies. The second model employed a depth-
dependent formulation, obtained by integration of the stan-
dard logarithmic velocity profile (Prandtl–von Karman). The
third model is an extension of the second, including viscous
stresses, effective bed roughness (dissipation by separation
vortex generation) and additional dissipation mechanisms that
become important in high-concentrations as found above the
bed (i.e. interparticle friction and collisions, and particle wake
turbulence) resulting in a bed shear stress predictor. In each
case, the computed friction has been converted into an equiv-
alent Chézy friction coefficient. The comparison of all the
three cases shows that the third model has better predictions
in terms of distributions of suspended sediments in the Scheldt
estuary, especially in the turbidity maximum zones in the

upstream and the general transport patterns near the Belgian
coast. It also demonstrate that the sub-grid-scale effects, such
as additional viscous stresses and dissipation mechanisms in-
duced by sediment particles, etc., in the high concentrated
layer are important and indeed have big influence to the
large-scale domain.

Since the new bed shear stress closure is constructed as the
superposition of the turbulent and the laminar part, it allows
the simulation of both transient conditions and the transition
during drying or wetting of tidal flats. Nikuradse’s empirical
roughness model is implemented allowing to account for both
hydraulic smooth and hydraulic rough conditions. The latter is
important since the tidal induced oscillatory flow may fulfil
either condition, depending on the phase of the tidal cycle.

An additional advantage of the new friction law is the fact
that its value automatically tends to infinity when the water
depth goes to zero. Therefore, the drying and flooding of
intertidal flats can now be modelled without specifying an
inundation threshold. This proved to work very well for the

Fig. 55 Hourly computed values
of depth-averaged SPM concen-
trations and mud fluxes and effect
of artificial increase of the flood
SPM concentrations (indicated
Bv2^). Computed values of water
levels and depth-averaged flow
velocity are also shown. Results
for a tidal cycle (from 2009–12–
30, 1900 hours to 2010–01–01,
0000 hours) in a point roughly
halfway in the cross-section be-
tween Vlissingen and Breskens at
the mouth of the estuary. Cumu-
lated fluxes are for the full cross-
section

Fig. 54 Velocity component V in
Y direction at node 28492 from
6000 to 7000 h
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many intertidal areas in the Western Scheldt. The benefit is
that intertidal morphodynamics can now be modelled at great
detail for the first time. Erosion and deposition in these areas
can now be estimated with much higher accuracy, as well as
their contribution to the overall net fluxes. Besides, the new
friction law can adapt to different topographies due to its
physics based characteristics and provides the hydrodynamic
model with better performance in terms of water levels and
velocity field without tuning of the bottom friction coefficient.

The sensitivity of the model to the bed friction model has
been evaluated by intercomparison of the computed sediment
budget at the mouth of the estuary. This has always remained a
point of discussion, since previous model results did not
match with estimates based on field data, even opposite direc-
tions have been claimed. Near-bottom sediment transport,
which is hard to model and which escapes from most measur-
ing techniques, most likely plays an important role in
explaining the differences. The comparison of the three fric-
tion models indeed results in different evolutions of the net
sediment budget calculated at different transects across the
entire estuary. These differences are also reflected in signifi-
cant differences in local erosion-sedimentation patterns.

The asymmetrical tide is also reproduced in the model and
could be interpreted as the main reason of the occurrence of
the turbidity maximum areas in the Scheldt. The model cap-
tures the sediment fluxes from two different directions con-
verging in the upstream and downstream, resulting in the ac-
cumulation of suspended sediment in those areas.

Nevertheless, the fact that the flow at the surface may be in
opposite direction than the near-bottom current is expected to
have a great impact on the actual residual fluxes of both
suspended load and bedload. Therefore, it is necessary to de-
velop a 3D version of the model, before any conclusions can
be drawn on direction and magnitude of the fluxes. A 3D
version of the present model is currently under development.

The model is expected to yield even better results when the
dynamics of flocculation is incorporated, following the com-
putational efficient methodology proposed by Lee et al.
(2014).
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