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Due to the construction of two cross-shore groynes near Waarde in the Western Scheldt estuary, the Netherlands,

morphological changes in the area have occurred. A mud flat has developed between the groynes and at the tip of the

groynes scour has occurred which has contributed to channel migration. Both the sand and mud fraction have

contributed to this change. In this paper a process-based morphological model is presented that can reproduce most

morphological changes thanks to the fact that both fractions are taken into account, as well as the interaction

between sand and mud. Using the model, 5 years of morphological changes were simulated from the construction of

the groynes onwards. The Brier-skill score of the erosion/sedimentation pattern is 0-35, which means that the model

has significant skill and can be classified as reasonable. A regression coefficient of 0-66 is found for the observed and

modelled mud content in the bed after 5 years, which means that the model can reproduce the mud content

reasonably well for most locations. The model can clearly distinguish between a sand- or mud-dominated area.

Notation
B

Ce

Cm

Pm.cr
Pm,init
Pm.sub
Wm

initial bed level (m)

equilibrium sand concentration in the water
column (kg/m?)

mud concentration in the water column
(kg/m?)

mud concentration at boundary (kg/m®)
sand concentration in the water column
(kg/m®)

thickness of layer in bed module (m)
vertical flux of mud (kg/m?/s)

vertical flux of sand (kg/m® pers)
Heaviside function; 0 if argument < 0; 1 if
argument = 0

erosion coefficient of cohesive bed (kg/m? per s)
erosion coefficient of non-cohesive bed
(kg/m? per s)

morphological acceleration factor

number of layers in bed module

mud content of the top bed layer

critical mud content for cohesive behaviour
initial mud content for cohesive behaviour
mud content in sub-layer

fall velocity of mud (m/s)

fall velocity of sand (m/s)

computed bed level (m)

measured bed level (m)

vertical coordinate of bed surface (m)

Ze distance below the bed surface z, (positive
downwards) (m)

0 mixing coefficient (m?/s)

Psilt density of silt (kg/m?)

Th bottom shear stress due to current and
waves (Pa)

T4 critical shear stress for deposition of mud (Pa)

Tec critical bottom shear stress for cohesive bed
(Pa)

Tene critical bottom shear stress for non-cohe-

sive bed (Pa)

1. Introduction

In 2002 two cross-shore groynes were constructed at an
intertidal area near Waarde in the Western Scheldt estuary in
the south-west of the Netherlands (Figure 1). These groynes are
designed to protect the intertidal area from eroding. By building
the groynes the tidal velocities have reduced, resulting in
accretion of sediment between the groynes. The composition
of this sediment is a sand—mud mixture, whereas the bed
material directly in front of the groynes is mainly sand. The
construction of the groynes also affected the migration of
channels in the direct vicinity. This suggests that in the area there
is a lot of interaction between the sand and the mud regime.

This paper presents the setting up of a process-based
morphological model, which includes both the sand and mud
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Figure 1. Western Scheldt and study area; depths of 2002: (a)
general overview; (b) area of interest; (c) Western Sheldt estuary.
Depths in m MSL

fraction and their interaction in order to hindcast the
morphological changes in the area. This model differs from a
classical morphological model which would describe the sand
and mud fractions separately, rather than both fractions at the
same time, and would be unable to represent the interaction
between the fractions. A calibration on the field observations
from 2002 to 2007 was carried out.

The model is a finite-element-based model called FINEL2d
using an unstructured grid with triangular elements to describe
the complete Western Scheldt estuary. For the purpose of this
study the grid was strongly refined in the area of interest.
Around the groynes a grid size of about 10 m was applied to
have sufficient resolution for the flow pattern near the groynes.

The content of this paper is as follows: in Section 2 a
description of the study area is given. The set-up of the
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FINEL2d model of the Western Scheldt is discussed in Section
3. Section 4 describes the model results. Finally in Section 5 the
conclusions of this study are given.

2. Description of study area

The Western Scheldt estuary is a dynamic multiple channel
system that has gone through many changes due to human
impacts and natural developments. The morphology of the
Western Scheldt is very important for all functions related to
this area, such as navigation, ecology and sand mining.

The estuary is approximately 70 km long and 4 km wide. The
tidal range increases from 3-9 m at the mouth to 5-0 m near
Antwerp (Figure 1). One of the main channels is the
navigational channel to the port of Antwerp. Maintenance
dredging takes place to keep the navigational channel at the
required depth. The Western Scheldt consists mainly of fine
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non-cohesive sediments. Mud is mainly found on intertidal
areas. These intertidal areas are valuable for the ecology. The
intertidal area consists of sand banks, mudflats and salt
marshes.

The morphological changes in the Western Scheldt are
dominated by the tidal motion. The river discharge is of minor
importance as the freshwater discharge is only 0-6% of the tidal
prism at the mouth (Van der Spek, 1997). The Western Scheldt
estuary is a well-mixed estuary.

In the past centuries storm surges have caused major flooding.
Many villages were flooded and lost to the sea. The intertidal
area near Waarde (at the area of interest) showed an eroding
trend causing the remains of one of these villages called
“Valkenisse’ to become exposed at the sea bed surface. To stop
the trend of erosion and to protect the remains, two groynes
were constructed in 2002 (Figure 1). The length of the groynes
is approximately 500 m. The height of the groynes is around
mean high water spring at the landward side (+2-5 m mean sea
level (MSL) and around MSL at the seaward end). After
construction of the groynes a transition occurred from a trend
of erosion to sedimentation and from sand-domination to
mud-domination in the area between and around the groynes.

The area of interest is sheltered against waves, although the
dominant wind direction in the Netherlands is south-west. The
intertidal area in front of the groynes makes the wind fetch
length and thus the waves relatively small. A survey campaign
in 1996 showed an average significant wave height of 0-2 m on
the intertidal area (Koster Engineering, 1997). As the Western
Scheldt estuary is relatively shallow with a sheltered position,
the impact of tides exceeds the wave action by far (Van der
Spek, 1997), although they most likely contribute to some
intertidal morphodynamic behaviour. The dominant forcing is
the tidal flow, carrying both sand and mud. The long-term
average mud concentration in the water is approximately
60 mg/lin the area of interest (Rijkswaterstaat, 2012). During a
neap-spring cycle and over the seasons the concentration in the
Western Scheldt varies by a factor of 1-5-2 (Van der Wal et al.,
2010). Storms can cause large peaks in the concentration.

Figure 2(a) shows the bed level in 2002, prior to the
construction of the groynes. Figure 2(b) shows the bed level
in 2007, 5 years after construction. The difference between
Figure 2(a) and (b) can be seen in Figure 6(a) later. A number
of morphological changes have occurred in the area, partly due
to the presence of the groynes and partly due to estuary-wide
behaviour of the area. Locations a, b and ¢ in Figure 2 show
sedimentation caused by the groynes. The sedimentation has
become over 1 m here over the 5-year period and consists
mainly of mud. At the tip of the eastern groyne a large scour
hole can be seen (d), while the eastern groyne shows less scour

(e). The Zimmerman channel, a sand-dominated channel
located just east of the groyne area, shows a decrease in depth
and a migration to the north (g). The channel is split into a
flood (h) and ebb channel (f) that ends near the eastern groyne.
In the Schaar van Waarde channel, which is a flood-dominated
channel located south-west of the area of interest, some
changes have also occurred. Locations j and k in Figure 2 show
erosion, whereas the small channel (i) shows sedimentation.
Location I at the south side of the Schaar van Waarde channel
shows a build-up of sediment along the border of the channel.
The locations d to 1 are in the sand-dominated area with only a
few per cent of mud in the bed (McClaren, 1994).

3. Description of the sand-mud model

3.1 Introduction

Process-based morphological models have developed rapidly
during recent decades. The models are becoming increasingly
robust tools for predicting morphodynamic developments
based on physical descriptions and advanced bed update
techniques (Van der Wegen and Roelvink, 2012). The focus of
most model applications with dynamic bed development is on
non-cohesive sediments (sand). Hibma et al (2003, 2004),
Marciano et al. (2005), Van der Wegen and Roelvink (2008,
2012) and Van der Wegen et al. (2008) have shown that it is
possible to use process-based models to reproduce channel-
shoal formation in a tidal inlet or estuary starting in an
idealised way from an initially flat bed.

Classically separate models are used for sand (Van Rijn, 1993)
and mud (Van Kessel et al, 2010; Winterwerp and Van
Kesteren, 2004). Sand models have a dynamic coupling
between bed level changes and the water motion, whereas
mud models generally do not have this coupling (Van Ledden,
2003). The focus of this research is on hindcasting the bed
dynamics in an area where both cohesive and non-cohesive
sediments are present. This requires not only the integration of
‘sand’ and ‘mud’ (non-cohesive and cohesive) processes in one
model but also the interaction between sand and mud.

3.2 Set-up of the sand-mud model

Following Van Ledden et al (2004a, 2004b), in the present
study a sand-mud model was used in which both sand and
mud and their interaction contributed to morphological
changes. Earlier research with a sand-mud model has been
carried out by Van Ledden (2003), Van Ledden et al. (2004b),
Dam et al. (2005), and Paarlberg et al. (2005). The set-up of
this model is shown in Figure 3. There are a few reasons why
this approach has advantages over a classical approach in
which sand and mud are treated separately. The first reason is
that both sand and mud contribute to morphological change
(arrows 3 and 4 in Figure 3) and both fractions have a dynamic
coupling with the water motion (arrow 8). The second reason is
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Figure 2. Observed bed levels in (a) 2002 and (b) 2007 in the study
area

that the erosion of sediment is limited by the availability of
sand or mud in the bed due to the bed module (arrows 6 and 7).
The third reason is that the interaction between sand and mud
in the bed is taken into account (also arrows 6 and 7). Non-
cohesive behaviour of the bed occurs when the mud content in
the bed is below a critical mud content value. Cohesive
behaviour of the bed occurs when the mud content is above
this value. Cohesive behaviour will harden the bed, making it
more difficult to erode. This is described through the erosion
coefficient and critical shear stress for erosion. Both the non-
cohesive state and cohesive state are described in detail below.

3.2.1 Non-cohesive state of the bed
When the mud content in the bed (p,,) is below the critical mud
content (p) the bed layer is treated as non-cohesive. This
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implies for the sand fraction that the normal sediment transport
formula is used, in this case the Engelund—Hansen formula
(Engelund and Hansen, 1967). The Engelund-Hansen formula
is used to calculate an equilibrium concentration c.. If the sand
concentration in that grid point is below the equilibrium
concentration, erosion occurs; if it is above, sedimentation. In
this way the vertical flux of sand is described — see Equation 1 in
Table 1. However, in the case of erosion of sand from the bed,
the vertical flux is limited by the availability of sand in the bed
which is described by the term (1 — p,,).

Following Van Ledden et al. (2004b), the vertical flux of mud is
described by Equation 2 in Table 1, in which the first part
describes the erosion flux (cf. Partheniadis, 1965) and the
second part the deposition flux (cf. Krone, 1962).
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Figure 3. Set-up of the sand-mud model (after Van Ledden, 2003)

3-2.2 Cohesive state of the bed

Cohesive sand—-mud mixtures have shown that the erosion
characteristics strongly differ from non-cohesive sand-mud
mixtures (Mitchener and Torfs, 1996). Therefore erosion of
a cohesive bed is treated differently in the model by using a
separate erosion coefficient and critical shear stress for a
cohesive bed. The key element is that the erosion formula for
sand and mud is equal, assuming a sand-mud mixture;
however, the flux is further dependent on the availability of
sand or mud in the bed module. This is expressed in the first
part of Equations 3 and 4 in Table 2 which denotes the erosion
part (Van Ledden et al., 2004b). The second part of Equations
3 and 4 describes the deposition part and is equal to the non-
cohesive state (Equation 1 and 2 in Table 1).

3.2.3 Bed module
A bed module consisting of several layers of the sea bed was
used to account for the sand-mud content of the bed. In

Figure 4 the bed module is given schematically. A number of
layers (n) are defined below the sea bed with thickness dz.

Using a Lagrangian coordinate system the layers move up and
down following the bed level changes while maintaining a fixed
thickness dz. The bed composition of the layers varies in time
and space, induced by upward and downward fluxes of sand
and mud at the bed surface, and by physical and biological
mixing in the sediment layers below. The mud content in the
bed is thus described by Equation 5. A mixing coefficient is
introduced to account for the physical and biological mixing.
Physical mixing occurs when the bed is stirred by flow and/or
waves. Biological mixing consists of organisms that move
through the bed and mix the sediments (Van Ledden, 2003).
P Ozipm O (Qapm> I
ot ot 0z, 0z 0z¢

where zy, is the vertical coordinate of the bed surface (m), © is
the mixing coefficient (m?%s), and z is the distance below the
bed surface z, (positive downwards) (m).

In the sub-layer a fixed mud percentage (ppy sup) must be
applied. This mud percentage becomes important in an eroding
case. In that case this sub-layer mud percentage is introduced
in the lowest layers. For more information of the bed module
and the numerical implementation of the bed module refer to
Van Ledden (2003).

3.3 Description of the Western Scheldt model

The process-based model that was applied in this study is
called FINEL2d. The model is a two-dimensional horizontal
(2DH) process-based model based on the finite-element
method. The depth-integrated shallow water equations are
the governing equations of the flow module. For details about
FINEL2d refer to Dam et al. (2007).

Equation Fraction Non-cohesive state of bed (o = Pm,cr)
(M Sand Fs=(1 _pm)WsCe_WsCs

_ Th . Th . . . T_b . T_b
(2) Mud Fin =PmVne (Te,nc 1 ) A (Te,nc 1 ) Wnm (1 1-’d) A (1 Td)

F,, vertical flux of sand (kg/m? per s); Fr,, vertical flux of mud (kg/m?/s); ws, fall velocity of sand (m/s); wi, fall velocity of mud (m/s);
¢, sand concentration in the water column (kg/m3); ce, equilibrium sand concentration in the water column (kg/m>); ¢, mud
concentration in the water column (kg/m3); Pm. Mmud content of the top bed layer; pm . critical mud content for cohesive
behaviour; M., erosion coefficient of non-cohesive bed (kg/m? per s); tp, bottom shear stress due to current and waves (Pa); 14,
critical shear stress for deposition of mud (Pa); 7 nc, Critical bottom shear stress for non-cohesive bed (Pa); H, Heaviside function —

equals 0 if argument < 0; equals 1 if argument = 0.

Table 1. Vertical flux formulas for sediment exchange between
water and bed (non-cohesive state)
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Equation Fraction Cohesive state of bed (o > Pm,cr)
3) Sand T T
Fo=(1—pm)Mc <—b - 1)H(—b) — WG
Tec Tec
) Mud Fm=pmMc<T—b—1)H(T—b—1)—Wmcm<‘|—T—b)H(1—r—b)
Tec Tec Td Td

M._, erosion coefficient of cohesive bed (kg/m? per s); Te,c, Critical bottom shear stress for cohesive bed (Pa).

Table 2. Vertical flux formulas for sediment exchange between
water and bed (cohesive state)

FINEL2d uses an unstructured triangular grid. The advantage
of such a mesh in comparison with, for example, a finite-
difference grid is the flexible mesh generation. In FINEL2d no
nesting techniques are required in regions of specific interest,
where a higher degree of resolution is needed, whereas
arbitrary coastlines and complex geometries can be resolved
very well.

The basis for the grid is the Western Scheldt model as described
in Dam et al. (2007). Near the area of interest the grid is refined
to a grid size of approximately 10 m, so that the flow pattern
over and around the groynes can be computed in detail, as well
as the morphological development of small channels. The grid
can be seen in Figure 5, zooming in three steps from the
overview of the full grid to the mesh details in the groyne area.
The groynes are shown as thick black lines in Figure 5(b). The

Fs Fim Water column
- /F /|>
Pm,1 z,
Pm,z dz
— = Active layer

pm,n-1

pm,n
Prm,sub Sub-layer

Figure 4. Bed module (after van Ledden, 2003)
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groynes are schematised as weirs on a line element in the grid. In
reality, conservation of energy holds upstream of the weir and
conservation of momentum downstream. The standard model
solves the momentum equations both upstream and down-
stream of the weir, leading to an inaccurate solution. Weir
formulations are therefore required to calculate the correct
discharges over the groyne. The implemented empirical weir
formulation that is used is based on laboratory results by Sieben
(2007). Numerically the implementation is based on Garcia-
Navarro and Saviron (1992).

On the seaward side of the grid, tidal boundary conditions are
given, whereas on the river side, constant (small) river
discharges are taken. The effect of freshwater is not included
in the model as the river discharge is small and no significant
freshwater effects on the water dynamics are present in the area
of interest.

3.4 Model calibration

The calibration of the model on the water motion and the
sandy morphology for the entire Western Scheldt estuary has
already been carried out and is reported in Dam et al. (2007).
In that calibration the mud fraction was ignored as mud is only
important for a relatively small area of intertidal areas. For the
main channel morphology the mud behaviour is not very
relevant. In the present study the morphological model of the
Western Scheldt is extended with the mud fraction. The sand—
mud model is calibrated on the area of interest. The calibration
process is described in detail here.

Outside a range of 5 km around the area of interest the mud
concentration in the model is taken to be constant at 60 mg/l
(being the average natural mud concentration in the water).
Inside the 5 km range the mud concentration in the water is
calculated by the model. The available mud concentration
measurements in the area of interest (Rijkswaterstaat, 2012)
are limited to taking water samples every few weeks for several
years. This gives an estimate of the average concentration, but
time series of the mud concentration over a tidal cycle are not
available in the area of interest. Hence calibration on the mud
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concentrations is not possible. It is therefore assumed that
since the average concentration of 60 mg/l is applied outside a
5 km range around the area of interest the tidal forcing will
transport this average mud concentration in the area near the
groynes.

The sand concentration is calculated by the model over a large
area around the area of interest without fixed settings.

To speed up the calculation a morphological acceleration factor
(MF) is used every time-step to multiply the bed level changes
(Roelvink, 2006). In this case an MF of 24-75 is applied in
accordance with Dam et al. (2007). One neap—spring cycle for the
water motion represents a morphodynamic year with this setting.

In 2002 the mud contents in the top layer were measured at the
mudflat (Sistermans et al., 2007). The values were interpolated to
the computational grid and used as the initial mud content in the
bed. Outside the area of interest the initial mud content in the bed

was taken at 2%. This corresponds to the average mud percentage
in the sand-dominated regime of the estuary (McClaren, 1994). As
the saltmarsh north of the mudflat was not flooded and therefore
not morphologically active during the computation, the initial
mud content was also chosen at an arbitrary 2%. The resulting
initial mud content that was used as input is shown in Figure 7(a)
below. The critical mud content for cohesive behaviour of the bed
was set at 30%, based on Van Ledden (2003).

It is known that biological activity has influence on cohesive
sediment transport on a seasonal scale (Borsje et al., 2008;
Winterwerp and Van Kesteren, 2004). In the present study the
settings for the cohesive sediment parameters were chosen in
such a way that they represent a complete year, neglecting the
seasonal variation.

Several calculations were carried out in which the optimal
parameter settings were found. Generally, the erosion—sedimen-
tation pattern is not very sensitive for different realistic
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parameter settings. The parameter settings merely control the
level of changes. The parameter settings which are presented in
Table 3 best represent the observed bed level changes. An
exception to the low sensitivity is the mixing coefficient ® which
more or less controls the mud content in the top layer. The
mixing coefficient is calibrated so that it best represents the
observed mud content in 2007. Note that this mixing coefficient
hardly affects the bed level. For more information about the
calibration of the sand-mud model refer to Dam (2008).

The outcome of the calibration of the area of interest is
presented in Section 4.

4. Results

4.1 Introduction

Using the FINEL2d model with the settings as described in
Table 3, a time period of 5 years of morphodynamic
development was simulated. The starting point is the bathy-
metry in 2002, just after completion of the groyne construction,
as can be seen in Figure 2(a). The model produced bed levels,
mud content in the bed, and concentrations. For the
comparison between the model results and field data the

observed and calculated bathymetry was used. The mud
content of the top layer in 2007 was measured at several
locations and compared with the model outcomes. Due to lack
of field data the predicted suspended sediment concentration
was not compared with observations.

4.2 Observed and modelled morphological
developments

The observed and calculated erosion and sedimentation
pattern can be seen in Figure 6. The locations (a) to (1) in
Figure 6 correspond to the same locations in Figure 2. Note
that Figure 6(a) presents the observed changes in sea bed level
over the years 2002 to 2007. In fact, Figure 6(a) is the
differential plot of Figure 2(a) and (b). Figure 6(b) gives the
model result on erosion and sedimentation. For comparison
reasons, the locations (a) to (1) are also indicated in this Figure.
In Figure 7 the mud content of the surface layer of the sea bed
as calculated in 2007 is presented together with measured mud
content in 2007 at several locations on the mudflat (Escaravage
et al., 2007).

The development of the locations (a) to (1) as indicated in the
figures is discussed in detail here.

Coefficient Symbol Setting

Morphology
Morphological acceleration
Non-erodible layers

Sand fraction
Formula
Grain size
Fall velocity of sand

Mud fraction
Fall velocity of mud
Critical shear stress for sedimentation
Mud concentration at boundary
Density

Bed module
Number of layers
Layer thickness
Mud content sub-layer

Sand-silt interaction
Critical mud content in bed
Critical shear stress for erosion (cohesive bed)
Critical shear stress for erosion (non-cohesive bed)
Erosion parameter (cohesive bed)
Erosion parameter (non-cohesive bed)
Initial mud content in bed
Mixing coefficient

Table 3. Optimal model settings

MF 24-75
Data of 2001

Engelund-Hansen (1967)

dso 200 um

We 0-015 cm/s

W 0-001 m/s

Ts 0-5 Pa

Cm,boun 60 mg/l

Psitt 750 kg/m’

n 5

dz 0-25m

Pm,sub 0%

Prm,cr 30%

Tc 0-75 Pa

Tne 0-2 Pa

M 0-0001 kg/m? per s
Mpe 0-001 kg/m? per s
Pr,init 2%

0 0-0000025 m?%/s
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Figure 6. (a) Observed and (b) calculated erosion—sedimentation
pattern 2002-2007

The sedimentation in the locations a, b and c is fairly well
reproduced by the model when comparing Figure 6(a) and
6(b). The sedimentation in the model at these locations is
partly mud (Figure 7). The scour that has occurred around the
eastern groyne (location d in Figure 4) was reproduced by the
model, albeit with too small a magnitude. At location ¢ a small

scour can be seen around the eastern tip of the western groyne
in the observations. The model calculates the erosion at the tip
of the western groyne in accordance with the observations. The
migration of the Zimmerman channel to the north (g) can both
be seen in the observations and the model, although the
separation of the channel into a flood (h) and ebb channel (f) is
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Figure 7. (a) Initial (observed) mud content (%) of the model in 2002
(input) and (b) modelled and observed mud content in 2007 (output).
In white circles: measured mud content (%) in 2007 (Escaravage
et al., 2007); dashed contour line is —2 m MSL of 2002 and 2007
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insufficiently calculated by the model. The erosion of the
Schaar van Waarde channel is probably outside the morpho-
logical influence of constructions of the groynes. The results
here represent the autonomous behaviour of the area, which
means that the morphodynamic changes would have been the
same if the groynes had not been constructed. The model
results are in line with the observations: the erosion in the
Schaar van Waarde channel is calculated correctly by the
model in location j and k. The filling of the small channels at
location 1 is also calculated by the model. The sedimentation
south of the Schaar van Waarde channel at location 1 is
reproduced by the model.

In order to quantify the model results objectively the Brier-skill
score (BSS) was used as defined in Equation 6 (Sutherland
et al., 2004). The BSS reflects how good the model results are in
comparison with the observed change. Note that this index
only refers to measured and observed bed changes. It does not
take into account the mud content in the sea bed.

6. BSS=1-

where X is the computed bed level (m), Y is the measured bed
level (m), B is the initial bed level (m) and () denotes the
arithmetic mean.

Van Rijn et al. (2003) defined the following classification of the
BSS

Excellent: 1-0-0-8
Good : 0-8-0-6
Reasonable/fair: 0-6-0-3
Poor: 0-3-0-0

Bad: < 0

A BSS of 1 means a perfect match between measurements and
model results, whereas a result below 0 suggests that the model
result is worse than zero bed changes. The BSS is calculated
using the measured erosion-sedimentation pattern and the
modelled erosion—sedimentation pattern as shown in Figure 6.
The BSS value using Equation 6 is 0-35, which means that the
model has significant skill and produces reasonable results
according to Van Rijn ez al. (2003). Note that this BSS value
does not take into account error contributions from survey
data, the error in methodology used to refer the measurement
to a vertical datum and the error in the methodology used to
interpolate measured changes onto the model grid. Taking into

account an error contribution would make the BSS value
higher.

4.3 Observed and modelled mud content in the bed
The observed and modelled mud content in the top layer of
the bed in 2007 is shown in Figure 7(b). The agreement
between a cohesive (> 30% mud) and non-cohesive bed
(<30% mud) can reasonably be reproduced by the model. A
high content of mud was present both in the model and in the
measurements at the north side of the mudflat close to the
tidal marsh. It does not seem possible to model the difference
between a high mud content (> 30% and < 40%) and a very
high mud content (> 40%), although the number of observa-
tions in the mud-dominated region are too low to really
conclude this. At the east side of the area (near c) the
modelled mud content is somewhat too low in comparison
with the data. An area can be seen between the tips of the
groynes in Figure 7 that is clearly sand-dominated in both the
model and the measurements (roughly between a, d and e).
The rest of the domain outside the direct influence of the
groynes is sand-dominated (McClaren, 1994). This is repro-
duced by the model (< 20% mud in Figure 7). When the
measured and the calculated mud content of the observation
points are compared using regression analysis a regression
coefficient (R) of 0-66 is obtained, which suggests that the
model can reproduce the observed mud content reasonably
well. It should be noted that the observations represent the
mud content at the time of the measurement. The mud
content in the field can be sensitive to seasonal and storm
fluctuations, whereas the model does not take these fluctua-
tions into account. It is important to conclude here that an
increase of the mud content over the years has occurred
around the groynes, that a clear separation of sand and mud
in the field can be seen, and that these two phenomena are
reproduced by the model.

5. Conclusions

It can be concluded that the morphological development of the
tidal flat and the adjacent channel systems in the Schaar van
Waarde (Western Scheldt) after construction of two cross-
shore groynes are determined by cohesive and non-cohesive
sediment transport processes, and by the interaction between
these processes.

By applying the sand-mud module of the FINEL2d model,
most of the morphological developments in the area can be
reasonably reproduced over a period of 5 years after
construction of the groynes. The BSS of the erosion—
sedimentation pattern is 0-35, which means that the model
has significant skill and can be classified as reasonable. A
regression coefficient of 0-66 is found for the observed and
modelled mud content in the bed, which means that the model
can reproduce the mud content reasonably well for most
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locations. The model can clearly distinguish between a sand-
dominated or mud-dominated area.

This model has proven to be a useful tool to predict
morphological impacts in systems where both the sand and
the mud fraction play a role in morphological changes.
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dents. Papers should be 2000-5000 words long (briefing
papers should be 1000-2000 words long), with adequate
illustrations and references. You can submit your paper
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