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Abstract 

The Meuse River is the only major gravel bed river in the Netherlands, and it is 
considered as a very complicated river in terms of its morphology due to the steep 
slopes and the strongly graded bed material, which is armoured during all but the 
highest floods. The Common Meuse River - the part of the river where (over a length of 
about ٥٠km) it forms the border between Belgium and The Netherlands - is not 
navigable. Because of this, it provides a good opportunity for re-naturalization. 
Recently a plan has been approved to re-naturalize the river, and to combine this with 
flood protection and gravel mining over the whole length of the gravel bed part of the 
Meuse River. 
 
The Pilot Project Meers is the first project where the planned measures are implemented 
over a number of kilometres and it was started around ٢٠٠١. Within the frame-work of 
this pilot project, the floodplain level was lowered by gravel mining in the inner bend of 
the river near Meers over a substantial area. After some major floods in the period ٢٠٠٢ 
– ٢٠٠٣ it was observed that the river had responded quickly to these interventions. 
Substantial deposits of gravel had formed in the main channel at the beginning of the 
excavated area, some erosion along the outer (Belgium bank) side of the river had 
occurred, whereas finer particles had deposited on the floodplain away from the main 
channel. 
 
In order to see whether it would be possible to simulate the observed phenomena it was 
decided to apply the modelling package Delft٣D with the graded sediment option. The 
underlying idea was that this would allow for a better understanding of the observed 
phenomena. Subsequently this improved understanding can be used to prevent 
unfavourable developments in the future. This is in particular relevant as the Common 
Meuse project will continue for other bends along the gravel bed reach. Numerical 
modelling of sediment transport pattern is generally recognized as a valuable tool for 
understanding and predicting morphological developments, and it is important to find 
out whether or not this model can be used (i) for reproducing these complex phenomena 
with high flow velocities due to the steep slopes, the strong spiral flow and the graded 
sediment and (ii) for the future design of floodplain lowering without subsequent 
unexpected and serious consequences. 
 
After some initial simulations with the model with different inflow hydrographs and 
input parameters, the numerical model – even though it was not properly calibrated on 
all relevant phenomena - was able to reproduce most of the phenomena observed after 
the ٢٠٠٣-٢٠٠٢ floods, including the sedimentation in the inner bend and the erosion in 
the outer bend, at least in a qualitative way. The result shows that probably the 
implemented Pilot Project Meers is the major cause of the observed problems.  
 
Here it can be concluded that the observed phenomena could have been prevented or 
reduced by taking some measures in the main channel such as protecting the channel 
bed upstream of the excavated area with some large sediment particles (large gravels or 
boulders), to prevent that the armour layer would have failed. Delft٣D can be used to 
obtain more precise and accurate results, but for that purpose a better calibration and 
verification of the model with field measurements is needed. Furthermore some 
development of the package is probably still needed to better represent the real situation. 
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List of symbols 

Ash = Calibration coefficient generally taken equal to unity. 
βi = Direction of sediment transport for fraction i. 

*
cC =  Dimensionless critical Chezy coefficient.  
=iD Characteristics grain sizes diameter of size fraction i. 

Dsh = Coefficient determining the dependence of the Shields number on Di or Dm 
*D =Dimensionless diameter of particles. 
wD = Thickness of the wake zone. 

∆ =  Relative density of sediment. 
iξ =Hiding and exposure correction factor. 
='

if  Volumetric sediment transport (including pores) per unit width of size fraction i  
=bf Darcy-Weisbach friction factor at the bed. 
=φ Friction angle of the bed particles. 

κ = Von Karman constant. 
Kc = Correction factor on the magnitude of the transport rate for the influence of bed 
slope. 
Kld = Ratio of the lift force to drag force on the grains. 
µ =Ripple factor. 

=ip Probability (volume fraction) of size fraction i  being present in a surface layer of 
the bed.  
qin = Local sources water per unit of volume (١/s). 
qout =Local sinks of water per unit of volume (١/s).  

=cq  Critical unit discharge. 
*R = Reynolds number of the particles. 

sR∗
 = The effective radius of curvature. 
=is Volumetric sediment transport (including pores) per unit width. 

),,( tyxsbxi  and ),,( tyxsbyi  are the bed-load transport components per unit of width for 

fraction i . 
'

*iτ =Dimensionless grain shear stress 

*cτ =Dimensionless critical bed shear stress (Shields). 



 

xii  
 

 
 

τ*ei = The effective non-dimensional shear stress  
τ*ci٠ = The non-dimensional critical shear stress  
τ*cm = Critical non-dimensional shear stress (Shields value) for grain size Dm. 
=θ  Longitudinal angle of the bed channel. 
=*u Shear velocity. 
=cU Critical mean velocity  

U  = Magnitude of the depth-averaged horizontal velocity. 
=υ Kinematics viscosity of the fluid  
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١. Introduction 

١.١. General 
 
This research is focussed on the numerical modelling of two dimensional morphological 
changes in the river with graded sediment and armoured layer. This is not an easy task, 
because both ٢D morphological changes computation and graded sediment study are 
very complex in reality, which are not easy to reproduce them by simple calculations 
with some empirical relations. The combination of them, obviously becoming ever 
complex, needs a very powerful and well designed package to compute them.   
 
Due to natural processes and human interference, river morphology will change. In 
order to understand and predict these changes the study of sediment transport is of great 
importance. Knowledge of the rate of total sediment transport for a given flow, fluid 
and sediment characteristics are essential in the study of alluvial streams. Most methods 
use the subdivision of the total sediment load into bed-load and suspended-load; this 
signifies the importance of the bed-load and suspended-load computations in the 
evaluation of total sediment transport. 
 
Graded sediment is found everywhere within the natural environment, especially in 
rivers, and each of the grain sizes behave differently under the same flow conditions. 
Early research into sediment transport attempted to simplify the system by relating the 
sediment transport rate to specific attributes of the sediment, such as median grain 
diameter. However, this simplification can lead to significant underestimation of the 
transport rate, especially if a broad spectrum of grain sizes is available for transport. 
Accordingly, the grading of sediments should be taken into account in the modelling of 
sediment transport. By making a detailed analysis of the composition of the sediments, 
important information with regard to sediment transport processes can be obtained 
(Jervis, ٢٠٠٣). 
 
The effect of the presence of one particle size on the transport rate of another size in the 
case of non-uniform sediment is supposed to be taken care of through several correction 
factors, initially introduced by Einstein (١٩٥٠). Many checks on Einstein’s methods 
using data for non-uniform sediments have shown that the agreement between the 
measured and computed total bed transport rate is not satisfactory (Swamee and Ojha, 
١٩٩١).   
 
Today, most of the models available to simulate river morphological problems are still 
primarily based on calculations for uniform sediment. These models cannot include the 
morphological processes that are related to the presence of the different grain sizes. At 
the same time little is known about the ability of non-uniform mathematical model and 
their sediment transport formulas to predict size-selective morphological processes. 
 
In this particular study we will try to apply an advanced numerical model (Delft٣D) 
which was developed by WL | Delft Hydraulics, for the simulation of morphological 
changes in the Meuse river. This river is the border between Belgium and the 
Netherlands. The comparison of the results with the real situation allows determining 
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the applicability of a such models for this kind of complex phenomena, especially when 
the graded sediment are present. 
 
١.٢. Problem description 
 
The Meuse River (Maas River) is the second largest and the only gravel bed river in The 
Netherlands and it has an international basin that spreads over four countries.  It enters 
The Netherlands in Southern Limburg near Maastricht from where it flows to the North 
forming the border with Belgium in the reach known as the Common Meuse.  In this 
reach major nature restoration projects are planned (Helmer et al, ١٩٩١; Klaassen et al, 
١٩٩٩), which has generated substantial interest in the morphological phenomena 
occurring in this gravel bed river (Murillo and Klaassen, ٢٠٠٦). 
 
In the period between ٢٠٠٠ and ٢٠٠٢, the Meuse River is subjected to a large number 
of interventions for the project developed by “De Maaswerken”. This project combines 
the aims for a more natural river, increased safety against flooding and gravel mining. 
Planned interventions will change the development of the river hopefully leading to a 
more desirable situation. Good prediction are needed in order to determine which 
interventions serve our needs best on the long-term. Lately this plan was started with a 
pilot project at specific location on the river called Meers. 
 
Gravel mining from the river is an important element of the Meers pilot project in the 
common Meuse, because of the following result. Firstly, there will be profits from 
selling the gravel, and with this income other measures can be implemented. Secondly, 
the flood risk is reduced by widening the river and lowering the floodplain. Finally, the 
river becomes closer to natural-river by allowing more frequent flooding of the 
floodplains and the development of vegetation in the floodplain. 
Figures ١.١a and ١.١b show the location of Meers before the project and after 
implementation of the gravel mining and floodplain lowering, respectively.  
 

 
 
Figure  ١.١a: Meers bend at ١٩٩٦ before the project 
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Figure  ١.١b: Meers bend at ٢٠٠١ after the project 

 

 
 
Figure  ١.٢a: Project and problem location (Meers bend – Meuse River) 
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Figure  ١.٢b: Photo of sedimentations in the Meers (taken on October-٢٠٠٥-٢٤) 

 
The effect of Pilot Project Meers was deposition of gravel in the main channel of the 
river as shown in the Figures ١.٢a and ١.٢b, deposition of sand in the floodplain near to 
the main channel forming a natural levee and, deposition of silt and clay in the 
floodplain area farther away from the main channel. Flow deviation by the gravel 
deposits has caused bank erosion along the opposite side of the river (outer bend in 
Belgium). That is a complex phenomenon difficult to predict by theoretical and 
empirical models and formulas, and the observed segregation of grain sizes indicates 
that transport processes of graded sediment are an important aspect that have to be taken 
it into account. 

 

١.٣. Research questions 
 
In consultation with WL | Delft Hydraulics and Public Works Department, Directorate 
Limburg, the following research questions were formulated. 
 

 Can Delft٣D package reproduce and predict the complex phenomena of graded 
sediment transport and morphological changes in the rivers? 

 
 Can Delft٣D package be used in designing the flood plain lowering in future or 

needs some improvement? 
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١.٤. Objective of the study 

 
The main objective of this study is answering the above questions about reproducing the 
situation by using a powerful software like DELFT٣D, which has been developed by 
WL / Delft Hydraulics, to determine how good this package is in reproducing and 
predicting this type of complex phenomenon, to know the ability of avoiding these kind 
of problems of sedimentation and erosion when the other stages of the project will be 
implemented for other locations along Common Meuse and to have a better knowledge 
for future designing of flood plain lowering.    
 
 
 
١.٥. Study approach 
 
The overall methodology for this study can be summarized as below: 

 Problem definition and formulation approach. 
  The literature study of two dimensional bed morphology, graded sediment 

and re-naturalization of Meuse River. 
 Studying and understanding Delft٣D package, and how it solves this kind of 

processes and problems.  
 Specification of required data for the modelling and collecting them.  
 Building, calibration and verification of the model for Pilot Project Meers. 
 Application of the model for the cases of: 

• Without project study: In this part of the study we will focus on 
the condition of the river without the project, and what is the 
estimation result if this project was not implemented in the Meuse 
River.    

• With project study: In the second part of this report we will try to 
reproduce the phenomena in the Meuse River. 

 Interpretation of obtained results and suggestion for further study.  
 Report writing and presentation of the results. 

 
 
 
١.٦. Report Structure 
 
In this section we will briefly outline the structure of report, how and where the results 
are presented and discussed. 
 
In chapter ٢ a summery is given of the relevant literatures important to consider them in 
this report, especially related to graded sediment, flow in bends, the effect of secondary 
flow on morphology and sediment direction, and some explanation about how Delft٣D 
solve this types of problems and some governing equations. Chapter ٣ some 
background and information about the Meuse River will present. The model 
descriptions and model setup will be the main topic of Chapter ٤. Chapter ٥ deals with 
the calibration and verification of the model essential for preparing a good model 
application. 
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Chapter ٦ is the most essential part of the study that contains the most relevant results 
for the study cases and the comparison between with and without cases. Also the 
comparison between the result of the model and the existing situation will present also 
in this chapter. Other results are presented in a number of appendices. General 
discussion about the model and the results obtained is presented in chapter ٧. The 
overall conclusions of the study and the model and general and specific 
recommendations are given in Chapter ٨. 
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٢. Literature study 

٢.١. Introduction 
 
In this section some important aspects will be explained that studied by other 
researchers, for the purpose of having a good idea and clear insight about the issues that 
better to be taken into consideration in the prediction of ٢D morphological changes with 
the graded sediment. 
 
 
٢.٢. Graded sediment transport 
 

٢.٢.١ Introduction 

 
The earliest studies on the behaviour of non-uniform sediment were aimed at the 
development of an important empirical component of a morphological model, namely a 
transport formula. A basic principle, which is generally applied for non-uniform 
sediment, is the division of the sediment mixture into size fractions and the calculation 
of the transport rate of each size fraction separately. A characteristic phenomenon, the 
hiding or sheltering of the finer sizes, was specifically studied by Einstein & Ning 
Chien (١٩٥٣) and later modelled theoretically by Egiazaroff (١٩٦٥). Since then, many 
transport formula, originally developed for uniform sediment, have been adapted for use 
per size fraction. 
Hirano (١٩٧٠) was the first to apply transport relationship per size fraction in a larger 
mathematical model for the simultaneous computation of the bed level erosion and 
armouring. More recently Thomas (١٩٧٧), Deigraad (١٩٨٠), Bettess & White (١٩٨١) 
and Karim et al. (١٩٨٣) developed and studied similar models. The basic principle of 
these models is the division of the riverbed into surface or transport layer, which is 
exposed to the flow, and non-moving bed. The grain size distribution of the transport 
layer material is used for the calculation of the size fraction transport. This composition 
can change through: 

• A spatial gradient in size fraction transport 
• Erosion of different sediment size from deeper layer (non-moving bed) 

The thickness of the transport layer depends on the bed configuration, e.g. flat bed 
situation or bed forms, and is usually calculated with an empirical formula for the bed 
form height. Because the bed configuration is also of great importance for the bed 
roughness (bed resistance for the water motion), this empirical formula is often 
combined with the roughness predictor.  
 
  

٢.٢.٢ Size fraction transport formula 

 
Generally, the transport formula for the bed load per size fraction is derived from an 
existing formula for uniform sediment. The simplest correction for the use per size 
fraction is a correction for availability of that size fraction i in the bed material given by:  
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'

iii fps ×= …………………………………………………٢.١ 
 
 
In which: 

=is  Volumetric sediment transport (including pores) per unit width, 
=ip  Probability (volume fraction) of size fraction i  being present in a surface layer 

of the bed, 
='

if  Volumetric sediment transport (including pores) per unit width of size fraction i  
in the case of uniform sediment in identical hydraulic conditions. 
 
This type of formula is considered too simple and extra corrections are thought to be 
necessary. Two types of corrections can be distinguished: 

١. Correction of the effective bed shear stress 'τ (grain shear), i.e. reducing its 
value for the finer fractions and increasing it for the coarser fractions, 

٢. Correction of the critical bed shear stress cτ , i.e. increasing its value for finer 
fractions and reducing it for coarser fractions. 

- ‘Sheltering’ or ‘hiding’ of the smaller sizes in the lee of the larger sizes, 
- An increased exposure to the flow of the larger sizes. 
Because in many transport formula the transport (s) is proportional to cττ −' , these 
correction have a similar effect, viz. a reduction of the transport rate of the smaller sizes 
and an increase of the transport rate of the larger sizes. 
A rough estimation of the necessary exposure correction is made below, using a totally 
different approach. Combining a bed load formula of the type of Meyer-Peter & Mueller 
(١٩٤٨) with the correction formula (٢.١), the following relationship is obtained: 
 

٢/٣'
*

٢/١٣ )()..(
*ciiii Dgkps ττ −×∆××= …………………………………٢.٢ 

 
In which according to Meyer- Peter & Mueller (MPM), ٣.١٣=k  and ٠٤٧.٠=cτ . 
Further: 

ss ρρρ /)( −=∆  Relative density of sediment 
=iD Characteristic grain size diameter of size fraction i. 

 
=∆=−= iisi DguDg ../..)./(' ٢

*
'

* µρρττ Dimensionless grain shear stress………..٢.٣ 
== ττµ /' Ripple factor 

=*u  Friction velocity 
=−= iscc Dg.)./(

*
ρρττ Dimensionless critical bed shear stress (Shields)  

 
Substituting equation ٢.٣ in equation ٢.٢ gives: 
 

٢/٣
٢
*٢/١ ).

.
()..(

* ic
i

i D
g

u
gk

p
s

τ
µ

−
∆

×∆= …………………………………….٢.٤ 

 
The following assumptions are made: 
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• All size fractions are transported as bed load over dunes all of which have an 
equal shape, size and migration velocity (with ٠=s in the dunes troughs, ٠zz = ). 

• The composition of the sediment mixture in the dunes can be used as bed 
material composition ( ip ). 

 
 
 

• For the average grain size 
 

∑
=

=
N

i
iim DpD

١
.  

 
An exposure correction is necessary (N= number of fractions). 
 
As the consequence of the first two assumptions, the dunes migrate as closed unit 
and the composition of the transported mixture )/( ssp iiT = equal to the composition 
of the bed material ip : 
 

i
i

iT p
s
s

P ==  

Or: 
 

s
p
s

i

i = ………………………….٢.٥ 

 
Comparison of equations ٢.٥ and ٢.٤ indicates that the right hand side of equation 
٢.٤ should have the same value for all size fractions. This can be achieved with a 
correction factor for

*cτ . 
This factor iξ  should become equal to unity for mi DD = (third assumption), or: 
 

=ici D..
*

τξ Constant mc D..١
*

τ=  
Or: 

i

m
i D

D
=ξ ………………………………٢.٦ 

With this correction, all size fractions obtain the same critical bed shear stress 
(dimensional value).  
 
A more theoretical approach to determining the exposure correction is followed by 
Egiazaroff (١٩٦٥), who derives an expression for the critical bed shear stress for 
each fraction using the balance of forces acting on the individual grains in a flat bed 
situation; Egiazaroff ‘s expression can also be translated to a correction factor iξ  for 
the critical bed shear stress: 
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According to Egiazaroff, the larger grain sizes, as part of a sediment mixture, 
experience a larger drag force than in the uniform case, because in the former case the 
point of application of this force lies at a higher level in a boundary layer of the flow. 
Egiazaroff verifies equation ٢.٧ using the experimental data of other researchers and 
find good agreement. 

 
Ashida & Michiue (١٩٧٣) use the result of Egiazaroff in combination with a transport 
formula of the MPM type. Based on a number of a laboratory experiments they present 
an empirical correction to equation ٢.٧ in the range ٤.٠/ <mi DD given by: 

 

i

m
i D

D
٨٥.٠=ξ ……………………………٢.٨ 

 
A part from the factor ٠.٨٥, this relationship is identical to equation ٢.٦, which, 
however, had totally different starting points. 

 
The bed load formula of Einstein (١٩٥٠) was one of the first formulas, which 
specifically focused of non-uniform sediment. Einstein introduces the hiding factor or 
sheltering coefficient iξ as correction factor for the bed shear stress. A general 
definition is: 

 

)('
'

*

*

correctedi

i
i τ

τ
ξ =  …………………………..٢.٩ 

 
For the coarse sizes ١=iξ  and for the finer sizes ١>iξ  which results in a reduced 
transport rate of the finer sizes. 
Einstein & Ning Chien (١٩٥٣) present modified value for the hiding factor based on the 
series laboratory experiments with sediment mixtures. They also report the presence of 
surface segregation, i.e. the accumulation of coarse grains underneath the finer grains, 
which affects the effective shear stress acting on the grains and thus the hiding factor. 
Day (١٩٨٠) presents a large number of experimental data with sediment mixtures and 
proposes an exposure correction for the transport formula of Ackers & White (١٩٧٣) 
based on these data. Day’s correction factor for the mobility number (a kind of 
dimension less bed shear stress) in this formula can be translated into a sheltering 
coefficient for the effective bed shear stress: 
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In which AD  is that grain size in the mixture, which needs no correction; AD is not 

necessarily equal to mD or ٥٠D , according to Day: 
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Profitt & Sutherland (١٩٨٣) also use the formula of Ackers & White (A&W) as the base 
for the size fraction transport formula. The following empirical relationship for the 
exposure correction is derived from a series of laboratory experiments: 
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Contrary to equation ٢.١١, AD  is not related to the gradation of the mixture but to the 
effective bed shear stress ).../( ٥٠

٢
*٥٠* Dgu ∆=τ  

Profitt & Sutherland also use the formula of Paintal (١٩٧١) in combination with the 
same experimental data; the following empirical exposure correction is the result: 

 
٨١.٠

٨٦٢.٠
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

A

i
i D

D
ξ                     For ٦.٠<

A

i

D
D

 

                                                                                            …………………….٢.١٣ 
٥١.٠−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

A

i
i D

D
ξ                               For ١٠٦.٠ <<

A

i

D
D

 

 
Another exposure correction of a recent date is that given by Misri et al. (١٩٨٤) who 
find, on theoretical grounds, that: 
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Misri verified equation ٢.١٤, in combination with the transport formula of the 
type )'(../ *

٣ τfDgs =∆ , using an extensive series of flume data. Especially in the 

finer part of the mixture, ٠.١<
A

i

D
D

, the calculated sheltering coefficient is 

systematically too high (≈ factor ١.٥); for the coarse sizes the agreement is good. 
 
 

٢.٢.٣ Hiding / Exposure 

 
 
In graded sediment, the larger grains are more likely to be entrained than the uniform 
sediments of the equivalent sizes, as they are more exposed to the flow. However, the 
situation is reversed for smaller grain sizes, as they are more likely to be hidden 
between the larger grain sizes and less likely to be entrained in the flow. Based on this 
observation, it is important that the hiding and exposure effects are taken into account in 
the modelling of graded sediment transport. In the previous studies on graded sediment 
transport, a correction factor was used to modify uniform sediment transport formulas to 
non-uniform one (considering hiding and exposure). 
Weming et al. (٢٠٠٠) developed a new hiding and exposure correction factor that can 
account for the influence of sediment particle size and also bed material gradation. In 
this factor the grain size of a fraction is compared with the grain sizes of the other 
fractions. It is assumed that the particles are distributed randomly on the bed. This leads 
to the assumption that the exposure height of a particle is normally distributed. 

 

Di

Dj

i∆

Flow

 
Figure  ٢.١: Definition of exposure and height of bed material (Weming et al., ٢٠٠٠)   
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As shown in the Figure above Weming et al. assumed that sediment particles are 
spheres with various diameters and defined the exposure height ( )i∆  for a particle with 
a size ( )iD  as the elevation difference between the apexes of this particle and the 
upstream particle. 
If ٠>∆ i , the particle iD  is considered to be in an exposed state, and if ٠<∆ i , in a 
hiding state. Since the sediment particles are distributed on the bed randomly, then i∆  is 
a random variable, which is assumed to follow a uniform probability distribution, f . If 
the upstream particle is fD j , can be expressed as: 

⇒
+

=
ji DD

f ١ For iij DD ≤∆≤ …………………………٢.١٥ 

 
٠=f                    Otherwise …………………………….٢.١٦ 

 
The probability of particles jD  were staying in front of particle iD  were assumed by 
Weming et al. to be the percentage of particles jD  in the bed material bjP . Therefore, 
the probability of particles iD  hidden and exposed by particle jD  can be obtained from 

equations below: 
 

ji

j
bjjhi DD

D
PP

+
×=,    For hidden………………………..٢.١٧ 

 

ji

i
bjjei DD

D
PP

+
×=,    For exposure…………………….٢.١٨ 

 
The total hidden and exposed probabilities of particle iD  can be obtained by summing 
the above two equations over all functions, respectively: 
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 ……………………………………….٢.١٩ 

 

∑
= +

×
N

j ji

i
bjei DD

D
PP

١
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Where N is the total number of particle size fractions of graded sediment mixtures; hiP  
and eiP  are the total hidden and exposed probabilities pf particle iD . When both 
probabilities are summed, they should equal to unity as expected. By applying the 
hiding and exposing probabilities, Weming et al. defines the hiding and exposure factor 
as: 
 



٢D Numerical Modelling with Graded sediment for Common Meuse at Meers 

By: Beston I. Sharef                                                               UNESCO-IHE & Delft Hydraulics ١٤

m

hi

ei
i P

P
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=η  ………………………………………………..٢.٢١ 

 
Where m is an empirical parameter. 
 
Another factor suggested by Parker, (٢٠٠٢) for hiding function, according to him.  The 
reason for this relates to the seminal work of Egiazaroff (١٩٦٥), who derived a relation 
of from considerations of the forces acting on grains exposed on a bed containing a 
mixture of grain sizes.  In Egiazaroff simple but cogent model, larger grains are harder 
to move because they are heavier.  Larger grains are, on the other hand, easier to move 
because they tend to protrude more into the flow, so feeling a higher drag.  (Hence the 
terminology “hiding,” in that the finer grains are sheltered from the full brunt of the 
flow by the protrusion of the coarser grains.)  The net result of these two effects is a 
modest bias toward lesser mobility for coarser grains.  The reduced mobility of coarser 
grains in a mixture turns out, however, to be much more subdued that what would be 
expected based on weight alone.   
The dimensioned values of the critical (reference) boundary shear stresses based on skin 
friction (and surface content in the case of reference values) τbsci and τbscg (τbssri and τbssrg) 
associated with sizes Di and Dg, respectively, are given from the relations 
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Between equations (٢.٢٢) and (٢.٢٣) it is found that 
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The above equations may be termed reduced hiding functions. 
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٢.٢.٤ Size selective sorting 

 
Due to the studies on sediment transport with uniform grain size, it is known that small 
grains are transported more easily than larger grains, e.g. Ferguson (١٩٩٦) noticed that 
coarse grains are transported over shorter distances than fine grains in the same period 
of time. Gravity pulls the grain down to the riverbed and water flows exert forces 
sideward in downstream direction. The particle weight is affected more by change in 
grain diameter than the area on which the forces of the flow are exerted. This is due to 
the three-dimensional nature of the particle volume and the two-dimensional 
relationship of the side view with the grain diameter. Therefore, large grains stay 
immobile for higher flow velocities than fine sediments. As a result larger particles will 
be transported for shorter periods and travel over shorter distances.   
 
 
 

٢.٢.٥ Armouring 

 
A phenomenon that is typical for gravel-bed rivers is armouring. It has a considerable 
effect on the sediment transport as the armour layer endures very high flow velocities 
without sediment being entrained. It is known that for some rivers the Dm-surface is ٢ – 
٣ times larger than the Dm-subsurface (Andrews, ١٩٨٤). This pattern is consistent with 
size selective transport. Due to large differences in mobility the fine sediments are 
entrained and surface coarsening will develop. This process will take place at low to 
moderate flow conditions. 
Armouring of the channel bed by size selective entrainment is common whenever a 
pronounced imbalance between sediment supply and the transport capacity is 
maintained for any length of time. During low to moderate flows fine particles are 
transported and the coarse, less mobile ones stay behind on the riverbed. The resulting 
surface remains stable for all but the maximum discharges. Commonly they are called 
static or stable armour. The bed surface is broken when the coarsest material is 
entrained by the flow, thus allowing the underlying finer material to be transported. This 
leads to erosion gaps in the riverbed (Powell, ١٩٩٨). 
Amours can also exist in the presence of an upstream sediment supply and during flows 
that can move all size fractions. They are usually named as mobile amours.  When the 
surface is broken, the underlying finer material is transported. As the flow decreases the 
coarse particles are deposited easier and form a new coarse layer on the riverbed. The 
remaining fine material for which the flow is still strong enough to transport will 
eventually be carried away. 
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٢.٢.٦ Initiation of Particle Motion 

 
In order to study the morphological changes in the river, a clear insight to sediment 
transport is required. The vital idea behind sediment transport is begin when the 
sediment start to move under a specified shear stress for each grain size which known as 
initiation of motion. And it is important to study this phenomenon. 
The best-known and most widely used investigation on initiation of motion is that of 
Shields (١٩٣٦). By considering the disturbing forces on particles to be restricted to shear 

stress, Shields found that the dimensionless critical shear stress, 
Dsg

c
c ).١.(
*

−
=

τ
τ , 

( =cτ critical bed-shear stress) determines the initiation of motion of particles, and is a 

function of the Reynolds number of the particles, 
υ

DuR .** = where =*u the shear 

velocity, and =υ the kinematic viscosity of the fluid. For ٤٠٠* >R , different researchers 
have obtained constant values of *

cτ . Rouse (١٩٣٩) found that *
cτ  is equal to ٠.٠٦, and 

Meyer-Peter and Mueller (١٩٤٨) found it to be equal to ٠.٠٤٧. In any case, small rates of 
bed load transport can be measured at critical values of the Shields number; the reason 
being that sediment transport is a stochastic phenomenon. 
The mean sediment transport for the so-called critical shear stress was found to be 

٢* ١٠−=sq  (Taylor and Vanoni ١٩٩١), where 
Du

q
q

c

s
s .*

* =  in which sq is the sediment 

discharge for unit width, and cu* the critical shear velocity. Classical Shields plots (١٩٣٦) 
give the dimensionless critical shear stress *

cτ  against critical Reynolds number of the 

particles ٢/١*٢/٣** .DR cc τ= where 
٣/١

٢
* )١(

⎥⎦
⎤

⎢⎣
⎡ −

=
υ
sgDD is the dimensionless diameter of 

particles. 
 
Wilcock (١٩٩٣) found that the critical shear stress of individual fractions in unimodal 
and weakly bimodal sediment series exhibits little variation with grain size. Grain-size 
distributions other than bimodality seem to have little influence on critical shear stress 
of individual size fractions in sediment mixtures.  
Chiew and Parker (١٩٩٤) analyzed forces acting on sediment particles and found that the 
stream-wise bed slope has an important influence on the initiation of particle motion. 
The experimental data collapse into a single analytical curve showing the effect of the 
stream-wise slope on the threshold condition for sediment entrainment. 
 
For ١٠٠٠* >cR , a clear view of the multiple values of *

cτ  that a particle can show at the 
initiation of motion is presented in Figure ٢.٢ which shows an extrapolation of Shields 
diagram and a strong experimental evidence that for steep rough channels with large 
rugosities, there is not a constant critical stress. On the contrary, a single particle 
exhibits a wide range of critical shear stress variation. In the case of ١٢٥١* =D , *

cτ  
varies between ٠.٠٣ and ٠.٠٦. Deviation from Shields constant value can be due to high-

channel slopes up to ٢.٠=S , and relative rugosities up to ٥=
d
D . 
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To avoid the problem of having different shear stresses for the same particle diameter, 
Bathurst et al. (١٩٨٧), whose study was based on the results previously obtained by 
Schoklitsch (١٩٦٢) proposed a critical discharge for the initiation of motion *

cq , given by: 
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q
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Where =cq  critical unit discharge. The equation above applies to uniform sediment for 
the slope range ٠.٠٠٢٥<S<٠.٢٠. The concept of a critical discharge has shown good 
results when applied to channels and rivers of steep slope and large rugosities.  
A third alternative to express critical conditions relates the moment produced by the 
force originated by the mean velocity on bed particles to the resistance moment of the 
particle due to gravity and other resistance forces. 
Considering the existence close to the bed of a wake zone (Aguirre-Pe and Fuentes ١٩٩٠) 
of constant velocity ١u , the critical conditions on the particle of diameter ٠D will be 
accurately established when a particle begins either to rotate or to move. The 
equilibrium condition for the moment due to drag and the moment due to weight can be 
given by 
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Where =cu١ critical velocity in the wake; =θ  longitudinal angle of the bed channel; 
=φ friction angle of the bed particles; and ١δ and ٢δ factors that multiplied by D give 

the drag and gravity force arms in equilibrium conditions. Experimental data 

showed ٩.١
٢/١

١

٢ =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
δ
δ . They depend on the flow velocity near the bed and the shape of 

the particles. The velocity u is supposed to follow the Prandtl-von Karman (Figure ٣) 

logarithmic law for Dy .β≥ , where y is the vertical coordinate and
D

Dw=β , wD  being 

the thickness of the wake zone. 
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Figure  ٢.٢: Velocity distribution and particle motion in steep rough channel 
 

 
Figure  ٢.٣: Critical particle densimetric Froude numbers for initiation of particle motion 
 
 
Thus, by applying Aguirre-Pe and Fuentes’ wake model (١٩٩٠), the following equation 
is obtained for Dy β=  
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In which =α roughness coefficient; =k von Karman constant; ٥.٨=B at high Reynolds 

numbers of the particles, and cu*  can be expressed as *
c

c

C
U

, *
cC  being the dimensionless 

critical Chezy coefficient. Substitution of equation (٢.٢٨) into equation (٢.٢٧) leads to 
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Where =cU critical mean velocity, and *

cC  dimensionless critical Chezy coefficient 
obtained when the mean velocity and the mean bed shear velocity cu*  reach their 

critical values. For this condition, the following expression can be written 
c

c
c u

U
C

*

* = . 

The dimensionless critical Chezy coefficient expresses the minimum value of *C which 
represents the dimensionless variable Chezy coefficient required to move particles at the 
flow bed. In equation (٢.٢٩), α and β depend on the shape, the relative size of the 
elements, and the flow conditions. These coefficients can be obtained experimentally. 
Mean experimental values were found to be ٨.١=α and ٦.٢=β . According to Aguirre-
Pe and Fuentes (١٩٩٠), the dimensionless Chezy coefficient for macro-rough free surface 

flow, 
٢/١

* ٨
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bf
C  ( =bf the Darcy-Weisbach friction factor at the bed), can be given 

by 
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Combining equation (٢.٢٩) and equation (٢.٣٠) for **

cCC =  and giving the appropriate 
values to the remaining coefficients, it is found that 
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Critical values for beginning of motion vary approximately in the range ٦٢ * << cF  for 

١٢.٠ <<
D
d  in Figure ٢. This means that small depth variations from ٠.٢D to D cause 

large critical variations of *F . For ٢>
D
d  there is a small increment of *

cF for large 

depth increments. 
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٢.٢.٧ Bed load sediment sorting 

 
Equilibrium sorting of coarse mobile bed load sediment in meander bends is considered. 
A theory of two-dimensional bed load transport of graded material, including the effects 
of gravity on lateral slopes and secondary currents, is developed. This theory is coupled 
with a simple treatment of flow in bends, an analytically determined bend shape, and 
the condition of the continuity of each grade size range in the transport to describe 
sorting. The theory indicate that the locus of coarse sediment shifts from the inside bank 
to the outside bank near the bend apex. 
 
Meandering streams with heterogeneous sediment loads move different grain sizes in 
different proportions and directions, this results in a fairly consistence pattern of sorting. 
Downstream of a bend apex, the point bar on the inside tends to be finer than the pool 
on the outside. In addition, the upper parts of the point bars tend to be coarser at the 
upstream end and finer at the downstream end. The above two tendencies are embodied 
in a shift in the locus of the coarsest sediment from the inside to the outside of a bend 
with progression around it (Parker & Andrews, ١٩٨٥). 
 
 
٢.٣. Governing equations in Delft٣D 
 

٢.٣.١ Introduction 

 
In this section, we will present in detail the governing equations that are used in 
Delft٣D for ٢D hydrodynamic and morphological modelling. 
 

٢.٣.٢ Hydrodynamic equations 

 
 
Delft٣D-FLOW solves the Navier Stokes equations for an incompressible fluid, under 
the shallow water and the Boussinesq assumptions. In the vertical momentum equation 
the vertical accelerations are neglected, which leads to the hydrostatic pressure equation. 
In ٣D models the vertical velocities are computed from the continuity equation. The set 
of partial differential equations in combination with an appropriate set of initial and 
boundary conditions is solved on a finite difference grid. 
In the horizontal direction Delft٣D-FLOW offers the opportunity to use: 
• Cartesian rectangular co-ordinates (x, y). 
• Orthogonal curvilinear co-ordinates (ξ, η). 
• Spherical co-ordinates (λ, φ). 
The boundaries of a river, an estuary or a coastal sea are in general curved and are not 
smoothly represented on a rectangular grid. The boundary becomes irregular and may 
introduce significant discretization errors. To reduce these errors boundary fitted 
orthogonal curvilinear co-ordinates are used. Curvilinear co-ordinates also allow local 
grid refinement in areas with large horizontal gradients. 
Spherical co-ordinates are a special case of orthogonal curvilinear co-ordinates with: 
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In which λ is the longitude, φ is the latitude and R is the radius of the Earth (٦٣٧٠ km). 
 
 

• Continuity equation 
 
The depth-averaged continuity equation is given by: 
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In which  slope, d= water depth,ζ =  with Q representing the contributions per unit area 
due to the discharge or withdrawal of water, precipitation and evaporation: 

( )
٠

١

                        (٢.٣٤)in outQ H q q d P Eσ
−

= − + −∫  

where qin and qout are the local sources and sinks of water per unit of volume (١/s), 
respectively, P the non-local source term of precipitation and E non-local sink term due 
to evaporation. 
We remark that the intake of, for example, a power plant is a withdrawal of water and 
should be modelled as a sink. At the free surface there may be a source due to 
precipitation or a sink due to evaporation.  
 
 
 

٢.٣.٣ Depth-averaged flow 

 
For ٢D depth-averaged flow the shear-stress at the bed induced by a turbulent flow is 
assumed to be given by a quadratic friction law: 
 

٠
٢
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D

gU U
C

ρ
τ =  

 
Where U  is the magnitude of the depth-averaged horizontal velocity. 
The ٢D-Chézy coefficient ٢D C can be determined according to one of the following 
three formulations: 
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• Chézy formulation:                                     C ٢D = Chézy coefficient (m½/s). 
 
 

• Manning's formulation:                         
٦

٢            (٢.٣٦a)D
HC
n=  

 
Where: H is the total water depth (m). 
And n is the Manning coefficient (m-١/٣ s). 
 
 

• White Colebrook's formulation:             
١٠

٢
١٢١٨ log             (٢.٣٦b)D

s
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k

⎛ ⎞
= ⎜ ⎟
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Where: H is the total water depth. 
And ks is the Nikuradse roughness length. 
 
 
 

٢.٣.٤ Secondary flow (feature available in σ-grid only) 

 
The flow in a river bend is basically three-dimensional. The velocity has a component in 
the plane perpendicular to the river axis. This component is directed to the inner bend 
near the riverbed and directed to the outer bend near the water surface, see Figure ٤-٩. 

 
 
Figure  ٢.٤: Secondary flow definition in Delft٣D model 
 
This so-called 'secondary flow' (spiral motion) is of importance for the calculation of 
changes of the riverbed in morphological models and the dispersion of matter. In a ٣D 
model the secondary flow is resolved on the vertical grid, but in ٢D depth-averaged 
simulations the secondary flow has to be determined indirectly using a secondary flow 
model. It strongly varies over the vertical but its magnitude is small compared to the 
characteristic horizontal flow velocity. 
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The secondary flow will be defined here as the velocity component v (σ) normal to the 
depth-averaged main flow. The spiral motion intensity of the secondary flow I is a 
measure for the magnitude of this velocity component along the vertical: 
 

( )
٠

١

                     (٢.٣٧)I v dσ σ
−

= ∫  

The vertical distribution of the secondary flow is assumed to be a universal function of 
the vertical co-ordinate f (σ). The actual local velocity distribution originates from a 
multiplication of this universal function with the spiral motion intensity; see (Kalkwijk 
and Booij, ١٩٨٦): 
 
 
( ) ( )                        (٢.٣٨)v f Iσ σ=  

 
A vertical distribution for a river bend is given in Figure ٤.١٠. The spiral motion 
intensity I can also be used to determine the deviation of the direction of the bed shear 
stress from the direction of the depth-averaged flow. 
 

 
 
Figure  ٢.٥: vertical distribution for a river bend 
 
 
 
The component of the bed shear stress normal to the depth-averaged flow direction 

brτ reads: 
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٢٢ ١                  (٢.٣٩)
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Where α is defined in eq. (٢.٤٢) and U is the magnitude of the depth-averaged velocity. 
To take into account the effect of the secondary flow on the depth-averaged flow, the 
depth-averaged shallow water equations have to be extended with: 
• An additional advection-diffusion equation to account for the generation and 
adaptation of the spiral motion intensity. 
• Additional terms in the momentum equations to account for the horizontal effective 
shear-stresses originating from the secondary flow. 
 
 

٢.٣.٥ Effect of secondary flow on depth-averaged momentum equations 
 
To account for the effect of the secondary flow on the depth-averaged flow, the 
momentum equations have to be extended with additional shear stresses. To close the 
equations these stresses are coupled to parameters of the depth-averaged flow field. The 
main flow is assumed to have a logarithmic velocity profile and the secondary flow 
originates from a multiplication of a universal function with the spiral motion intensity, 
see (Kalkwijk and Booij, ١٩٨٦). Depth averaging of the ٣D equations leads to 
correction terms in the depth-averaged momentum equations for the effect of spiral 
motion: 
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With the shear-stresses, resulting from the secondary flow, modelled as: 
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With sR∗
 the effective radius of curvature of a ٢D streamline to be derived from the 

intensity of the spiral motion and κ the Von Karman constant.  
 
 
 
 
٢.٤. Transport equations 

 

٢.٤.١ Introduction 

 
In this particular report we are more interested in bed load transport and all 
computations were made basis on bed load transportation without taking suspended 
load into considerations 

 

٢.٤.٢ Bed-load sediment transport of non-cohesive sediment 

 
Bed-load transport is calculated for all “sand” sediment fractions by broadly following 
the approach described Van Rijn (٢٠٠٠ ,١٩٩٣). This accounts for the near-bed sediment 
transport occurring below the reference height a described above. 
The approach first computes the magnitude and direction of the bed-load “sand” 
transport using by Van Rijn. The computed sediment transport vectors are then 
relocated from water level points to velocity points using an “upwind” computational 
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scheme to ensure numerical stability. Finally the transport components are adjusted for 
bed-slope effects. 
But for the Meuse River some sort of calibration test was made and its found that the 
equation of Meyer-Peter-Muller (١٩٤٨) is the best for graded sediment with the overall 
calibration factor of ٠.٥, because they noted that the computer computation with this 
equation gives two times the measurement quantities. 
 

٢.٤.٣ Sediment transport components per fraction 

 
The bed-load components sbξi and sbηi (on a curvilinear ξ,η grid) follow from the 
volumetric bed-load transport rate sbi per fraction by: 
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Where βi is the direction of sediment transport for fraction i.  
 
The local bed-load transport rate per fraction is described using a standard transport 
formula. For the two-dimensional approach the Meyer-Peter and Muller formula, and 
the Ashida and Michiue formula, prepared for graded sediment simulations in two 
dimensions, are provided. The following is focussea on the application of the Ashida 
and Michiue formula. It should be remarked that extension of Ashida and Michiue 
formula to two-dimensions is not unambiguous, and permits alternative formulations. 
Generally the formula is expressed as: 
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in which Di is the characteristic diameter of fraction i, g is the acceleration due to 
gravity,  ∆ is the relative density of the sediment (∆=(ρs/ρ)-١ where ρs and ρ are mass 
density of sediment and water), τ*fi٠ is the non-dimensional shear stress, τ*ei is the 
effective non-dimensional shear stress, and τ*ci٠ is the non-dimensional critical shear 
stress. Furthermore, Kc is a correction factor on the magnitude of the transport rate for 
the influence of bed slope. The non-dimensional shear stresses for each fraction can be 
based on the representative grain size Di and the shear velocity u* as follows: 
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Where h is the local water depth, Dm is the mean grain size of the bed material, τ*cm is 
the critical non-dimensional shear stress (Shields value) for grain size Dm (τ*cm ≈ 
٠.٠٥٥), ζi is the coefficient for hiding and exposure. In the presented formulation for τ*ei 
a type of ripple factor is included, although other formulations are provided in the 
model as well. For the hiding and exposure coefficient it is common to use the 
Egiazaroff’s formulation adjusted by Ashida and Michiue: 
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Due to the downhill gravitational transport component, the transport direction and 
transport magnitude in a ٢D model does not necessarily coincide with the direction of 
the bed shear stress of the flow, and the transport capacity on a horizontal bed. In the 
Ashida and Michiue formula these bed-inclination effects influence the transport rate 
through the correction factor Kc, and the direction of sediment transport through an 
expression for βi (see equation ٢.٤٨). The direction of sediment transport βi is found to 
be of major importance for the development of typical ٢D morphological features. 
 
The slope effect on sediment-transport magnitude Kc can be expressed as: 
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Here gξ and gη are co-ordinate transformation coefficients, α is the flow direction near 
the bed, and µs is the static friction coefficient for sediment. 
 
The slope effect on the direction of sediment transport can be expressed by extending 
the direction formula for uniform sediment to a more general graded sediment 
formulation, in which effects of hiding and exposure, and bed forms are also accounted 
for. Further simplification of this general formula (for the moment, on basis of 
numerical experiments) led to the following formula: 
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Where Ash is a calibration coefficient generally taken equal to unity, Dsh a coefficient 
determining the dependence of the Shields number on Di or Dm (e.g. Dsh = ٠ or –١), and 
Π = Kld + ١/µs with Kld is the ratio of the lift force to drag force on the grains (Kld ≈ 
٠.٨٥). 
 
 
٢.٥. Active Layer-approach for erosion and deposition of fractions 
 
The basic bed-layer concept used here is that of Ribberink, in which the bed is 
subdivided in transport layer with thickness aδ , an exchange layer (optional) with 
thickness exδ and a substratum with top level ٠z , as shown in Figure ٢.٦. In this Figure 

ip is the probability of a size fraction (with∑ = ١,aip , ∑ =١,exip , ∑ =١٠,ip ) bz is the 
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average bed level ( aexb zz δδ ++= ٠ ), and iφ is the vertical sediment flux through the 
interface. The active layer represents the upper layer containing the material, which is 
taking part in the actual sediment-transport process, and its thickness is generally related 
to the average height of bed forms (dunes, ripples). The exchange layer, between active 
layer and substratum is sometimes used for stabilization of the approach. This second-
layer is introduced by Ribberink to incorporate the effect of variability of through 
depths and related vertical sorting, and to partially avoid elliptic mathematical 
behaviour of the equations of the one-layer concept. For the present paper the exchange 
layer is not further included in the following theoretical descriptions and analyses. The 
non-moving substratum is either schematized with a homogeneous composition, or it is 
schematized by a number of sub-layers for which a bookkeeping system the substrate 
composition, taking into account the history of its deposits. These changes in substrate 
during a simulation occur for instance when due to sedimentation processes material 
transported from upstream is deposited and added to the substratum. 
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Figure  ٢.٦: The bed-layer schematization after Ribberink (١٩٨٧), where sub-script i  is associated to 
sediment size fraction i  
 
The layer-concept of Ribberink, is extended to two dimensions, and is governed by the 
following sediment continuity equation per size fraction (for bed-load transport): 
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In which t is time, x and y are Cartesian co-ordinates, ( )٠zpi is the probability of 
occurrence of a sediment size fraction i  at level ٠z  (taken equal to aip ,  during 
sedimentation, and taken equal to ٠,ip  during erosion), and ),,( tyxsbxi  and ),,( tyxsbyi  

are the bed-load transport components per unit of width for fraction i . In the Delft٢D-
Rivers modelling approach the equations are projected on an orthogonal curvilinear grid 
with ηξ ,  co-ordinates. In this paper the ξ  coordinate is the main-flow direction 
(usually the direction of the river axis). Projections of bxis and byis  on the curvilinear 
grid are called ibs ξ and ibs η . 
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٣. The Meuse River  

٣.١. Introduction 
 
The Meuse River originates in France on the plateau of Langres, then flows through 
Belgium and enters The Netherlands at Eijsden (near Maastricht). The total length of the 
river from its origin at Pouilly-en - Bassigny to the Hollands Diep estuary is about ٨٩٠ 
km. The river constitutes a natural international border between the Netherlands and 
Belgium from Eijsden to Maastricht and from Borgharen to Stevenweert. This part of 
approximately ٦٠ kilometers is the only major gravel-bed river in The Netherlands, and 
because it is no longer used for navigation, there is ample opportunity for nature 
restoration. The reach is called Grensmaas (Border Meuse) in The Netherlands and 
Gemeenschappelijke Maas (Common Meuse) in Flanders (Klaassen et al, ١٩٩٨) and 
(Berkhout, ٢٠٠٣).     
 
The common Meuse flows through a relatively narrow valley and has a gradient of 
almost ٠.٤٥ m/km. At Grevenbicht it crosses the Feldbiss fault, which divides the valley 
into two distinct geomorphological settings. Upstream of this fault, uplift and erosion 
have produced pronounced Pleistocene river terraces. Downstream the river has 
deposited thick layers of gravel in the subsiding Roer valley graben. The mining of this 
gravel has produced a landscape with numerous deep lakes. 

 
٣.٢. The Meuse and the Meuse Valley together 
 
After the floods in ١٩٩٣ and ١٩٩٥, it became clear that the people, who live, work and 
enjoy their leisure time in the Meuse Valley are not well enough protected against 
flooding, this also the view taken by the Delta Plan for Major Rivers. Immediately after 
the floods in ١٩٩٥, low embankments were quickly built around population centres, but 
they still do not provide the necessary protection. 
 
In addition to safety, there are other issues at stake. The government is keen to transport 
as many goods as possible by water instead of by road. This will reduce traffic 
congestion and is good for the environment. At present, however, some stretchers of 
waterway are not able to handle modern vessels. Plans to increase the scale of inland 
shipping wilt only make these problems worse. This is another reason for the 
government to look into improving the Meuse Route. 
 
Further issue in related to the ecology of the river's winter-bed, the object of growing 
concern. The work carried out to make the Meuse a safer river also opens up 
opportunities to entourage and reinforce nature in the winter-bed. The government is 
therefore eager to examine and exploit these opportunities. These are the three aims of 
the overall Zandmaas/Maasroute project: to raise the level of protection, to improve the 
vatenvay and, where possible, to use these changes to benefit nature. It is obvious that 
these three aims should be tackled in a single project. The associated measures will, 
after all, be implemented in the same stretch of the Meuse and will therefore have a 
direct impact on one another. Furthermore, by dealing with these in one and the same 
project, it will only be necessary to go through one set of decision-making procedures. 
An integrated approach of this type also makes it easier to explain which measures are 
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required, and what the relationships are between theet. (Zandmaas / Maasroute – Route 
paper /EIS) 
 
For all these reasons, it has been decided to merge the Zandmaas project (flood 
protection) and the Maasroute project (improvements to the waterway) into a single 
project, the Zandmaas/Maasroute project. 
 
٣.٣. Hydrological conditions 
 
The size of the Meuse catchment area is about ٣٣,٠٠٠ km٢, of which ١٠,٠٠٠ km٢ is in 
France, ١٣,٠٠٠ km٢ in Belgium, ٤,٠٠٠ km٢ in Germany, and ٦,٠٠٠ km٢ in The 
Netherlands. The French Meuse flows through wide valleys with permeable soil. This 
allows water to infiltrate providing an important source for the low base-flow in the dry 
season. Large parts of the catchment area, especially in Belgium, have an impermeable 
soil, causing the river to react quickly to any precipitation. In case of heavy rainfall in 
France or Belgium flood discharges will reach the common Meuse within three days as 
a maximum. The discharge of the steep and impermeable Wallon branches will arrive 
within half a day (Berkhout, ٢٠٠٣).  
 
The Meuse is a rain-fed river. This causes large variations in discharges. The river has 
an average flow of about ٢٠٠ m٣/s and flood discharges about ٣٠٠٠ m٣/s. The year-
average flow of the Meuse at Borgharen in the period of ١٩١١ to ٢٠٠٢ is ٢٤٥m٣/s. 
Most high discharges occur during the wet season, which begins in October and ends in 
April. The maximum flood discharges of ١٩٩٣ and ١٩٩٥ where calculated to be ٣٠٣٩ 
and ٢٧٤٦ m٣/s respectively, the MHW-discharge (the design flood) is set on ٣٨٠٠ m٣/s 
(Berkhout, ٢٠٠٣).   
 
٣.٤. Gravel-sand content of the sediments 
 
The gravel-sand content of the sediments is another way to represent the spatial 
variation of the sediments.  Figure ٣.١ gives the percentage of gravel (Dj ≥ ٢ mm) 
content along the Meuse River.  In this Figure is possible to notice that the average sand 
content exceeds the ٥٠% around km ١٠٠ approximately, which is also the reach where 
the gravel-sand transition occurs.  Inspection of the spatial variation in D١٦, D٥٠ and D٨٤ 
confirmed such location (Murillo-Muñoz, ١٩٩٨).  In Figure ٩, two peaks in the sand 
content are observed, notably around km ٦٧ and ٧٥.  These peaks may be produced by 
the barrages of Linne and Roermond respectively, which induce sedimentation of sand 
during low flow conditions 
 
٣.٥. Sediment transport rates and measurements 
Regarding the sediment transport rates there is great variability of data reported in the 
literature.  Waterloopkundig Laboratorium (١٩٩٤) reports that the average sediment 
transport rate of the Common Meuse River at Borgharen is approximately ١٠٣ × ٣٥ m٣/y; 
but at Linne it is reported to be about ١٠٣ × ٢٦ m٣/y, while ١٠٣ × ١٩ m٣/y at Kessel and ٧٠ 
× ١٠٣ m٣/y at Ravenstein are mentioned for the more downstream reach (Gerretsen, 
١٩٦٨). The reduction between Borgharen and Kessel may be to tectonic effects (Murillo 
and Klaassen, ٢٠٠٦). 
 
Furthermore, it has been observed in the Meuse River that the transported sediment load 
depends on whether or not the armour layer has been mobilized during a previous flood.  
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Klaassen (١٩٨٦) indicated that if the armour layer remains stable when the smaller 
floods are passing little sediment is transported.  Once the armour layer is mobilized the 
substratum material is available and the sediment load increases rapidly.  This 
phenomenon has been estimated to occur at discharges higher than ١٢٥٠ m٣/s (Klaassen, 
١٩٨١), which coincide with the present estimated bank-full discharge.  During the 
receding part of the flood the armour layer is built up once again but at a lower level, 
and on top of the eroded layer sediments are deposited.  These deposited (and often 
finer) sediments are available for transport and therefore after a flood period this 
material can be transported at smaller discharges until the armour layer is exposed again.  
Hence, the composition of the armour layer and the sediment transport is a function of 
the magnitude of previous floods (Duizendstra, ١٩٩٩).  A high flood will give a finer 
armour layer and more eroded sediment on top of the restored armour layer after the 
flood (Klaassen, ١٩٨٦). 
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Figure  ٣.١: Gravel and sand content along the Meuse River. 
 
Sediment transport in a river can be subdivided into bed load transport, suspended load 
transport and wash load transport. Measurements of sediment transport have only taken 
place on a very limited scale in the Grensmaas. Relevant publications concerning 
sediment transport measurements are given in the table ٣.١ below. 
 
Only a few publications are available which concern sediment transport measurements 
in the Grensmaas. Duizendstra (١٩٩٥) was the only one who carried out sediment 
transport measurements during discharge values exceeding the (assumed) critical value 
for the break up of armour layers. The accuracy of the Helley Smith sampler during 
high discharge values with transportation of very coarse gravel particles is not known. 
However, it can be concluded that there are not enough data available to obtain 
complete insight into the formation of break up of armor layers and the effect on the 
sediment transport in the Grensmaas (Lambeek, ١٩٩٦).    
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Author Discharge 
m٣/s Location Location 

(km) 
Type of 
transport Instrument

Bed load and suspended load transport 
Rijkswaterstaat 

١٩٦٨ 
< ٦٠٠ Roosteren ٥٤ 

Bed load + 
suspended 

load 

Btma,  
Delft bottle 

Schoonman, 
١٩٩١ 

Burgdorffer, 
١٩٩٣ 

١٥٥٠ - ٢٥٣ 
Eijsden, 
Maaseik 

٥٢ ,٤ 
Bed load + 
suspended 

load 

Helley Smith 
AZTM, PFS 

Duizendstra et 
al ١٩٩٤ 

٦٨٥ – ٦٢٣ 
Stein, 

Maaseik 
٥٢ ,٢٩ Bed load Helley Smith 

Duizendstra, 
١٩٩٥ 

٢٦٠٠ - ١٣٠٠ 
Stein, 

Maaseik 
٥٢ ,٢٩ Bed load Helley Smith 

Wash load transport 
RIWA, RID, 

١٩٧٩ 
- Eijsden ٤ Wash load  

Van der Veen, 
١٩٩٠ 

- Eijsden ٤ Wash load  

Fioole, ١٩٩٢ - Eijsden ٤ Wash load  
 
Table  ٣.١: Relevant publications concerning sediment transport data Grensmaas  Source: Mer Project 
Grensmaas 
 
 
٣.٦. Bed level and bed slope 
 
Bed levels along the Meuse have changed significantly in the upper part of the river.  
These changes are due to the impressive degradation process that the river has suffered 
during the last century as a result of training works and subsurface mining.  In the area 
near Maasband this has resulted in degradation of some ٥ m while in others reaches the 
degradation is less severe but still considerable.  On the contrary, minimum degradation 
has been observed in the lower parts of the river, with a number of reaches experiencing 
some aggradations 
 
Measured bed levels along the Meuse are shown in Figure ٣.٤. From these levels the 
slope of the river bed is estimated and the resulting lines represent the trend of the bed 
elevation.  The trend of the data in the upper part of the river indicates a slope of ٠.٥ 
m/km whilst for the lower reach a value of ٠.١٠ m/km is found.  It is possible to observe 
also that the change in the slope occurs between km ٨٠-٦٠.  However, a close 
inspection of the bed levels indicates that in period ١٩١٦-١٩٠٩ the change in slope was 
more gradual with a sharper transition near the km ٩٥, where probably the gravel-sand 
transition was formed (Murillo-Muñoz, ١٩٩٨).  This suggests that the current location 
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of the transition in the bed slope is probably the results of the intensive degradation 
process induced by the human interference in the system. 
 

 

 
 
Figure  ٣.٢: Meuse River  
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٣.٧. Characteristics of the river bed 
 
The Common Meuse is the gravel-bed river with a bed slope of about ٤-١٠*٤.٥. This is 
about five times steeper than other Dutch rivers and brings along high flow velocities. 
The bank full flow velocity is ٤.٥ – ٤ m/s at the surface (Berkhout, ٢٠٠٣). The river 
consists of an incised channel and shows large meander bends. The width is reasonably 
constant around ٨٠ m due to river training in the ١٩th century. Between km chainage ٦٠ 
and ٩٠ the slope reduces from ٤-١٠*٤.٥ to ٤-١٠*١.٠ (see Figure ٣.٥). Over a length of 
about ٢٠ km between km chainage ٩٠ and ١١٠ the median diameter of the riverbed also 
become smaller (D٥٠ reduced from ١٠mm to ٢mm) (Murillo – Munoz, ١٩٩٨). 
 
The riverbed in the Common Meuse shows an armour layer (Klaassen, ١٩٨١). The top 
layer consists of much coarser grains than the sub-layers. This top layer protects the 
underlying fine material from being entrained during normal discharges. Because of the 
limited availability of mobile grains the transport capacity in the river is often much 
larger than the actual transport (factor ١٠٠) (Berkhout, ٢٠٠٣).  
 
The median size of the bed material is about ١٥ mm, or possibly somewhat higher 
because there are indications that there has been a bias in the choice of the sample 
locations. The gravel bed has a pronounced armour layer during most of the flows. Only 
during floods, a few days per year, this armour layer become unstable, this leads to 
transport of the fine bed material in large quantities. The sediment transport is about 
٥٠,٠٠٠m٣/year (Klaassen, ١٩٨٨٧; Klaassen, ١٩٨١). The armour layer consists of gravel 
with diameters between ١٠ and ١٠٠ mm (Klaassen et al, ١٩٩٨). 
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Figure  ٣.٣: Variation of the D٥٠ in the bed material along the Meuse River. 
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Figure  ٣.٤: Trend of the thalweg elevation along the Meuse River. 
 
 
٣.٨. About Maaswerken 
 
The Maaswerken project organisation was set up by the Ministry of Transport, Public 
Works and Water Management, the Province of Limburg, and the Ministry of 
Agriculture, Nature Management and Fisheries under the Delta Plan for Major Rivers. 
After the floods of ١٩٩٣ and ١٩٩٥, this plan provided for the construction of 
embankments along the Meuse to offer better protection to vulnerable areas. The 
likelihood of flooding is now no greater than ١:٥٠ per annum. This Figure should be 
reduced to ١:٢٥٠ per annum. Flood protection is thus an important goal of the 
Maaswerken. 
 
When the Maaswerken was launched in April ١٩٩٧, the existing Grensmaas and 
Zandmaas / Maasroute projects were brought together. The Maaswerken is responsible 
for developing plans and implementing these two projects. 
 
The measures required to increase the level of flood protection, improve the waterway 
and tin courage nature development wilt have an impact on the river system and the 
waterway. The Meuse and the Juliana Canal are of such importance as waterways that a 
decision is required under the Route Act before work can proceed. An environmental 
impact assessment (EIA) is a]so necessary, as it is linked to the procedure set out under 
the Route Act. Olie of the components of the EIA is the Environmental Impact 
Statement (EIS). 
 
Because this project also involves taking other decisions that wilt influence the 
environment, the need for an EIS is evident. For example, olie of the consequences of 
the Zandmaal/Maalroute measures is that soil and sediment will be excavated. If the 
excavation covers more than ١٠٠ hectares, an environmental impact assessment is 
required. Sand and gravel are extracted, but allow soil which is unmarketable and 
sometimes diffusely polluted. Such soil may need to be stored in depots. Depots that 
exceed a capacity of ٥٠٠,٠٠٠ cubic metres require an environmental impact assessment 
to be carried out as well. 
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The same requirement may apply if the soil is treated. Further EIA measures may 
become necessary, depending on the choices made, and the Zandmaal/Mansroute EIS 
must describe these reassures. 
 

 
 
Figure  ٣.٥: Meuse River at Meers (planned excavations) 
 
 

 
 
Figure  ٣.٦: Meuse River at Meers  
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٣.٩. Socio – economic functions of the Meuse 
 
Naturally, the primary function of the Meuse is discharging water and sediment. But it 
is also used for a lot of other purposes. Traditionally floodplains are used for housing 
and agriculture, and nowadays for nature development, and recreation. The water in the 
river is used as cooling water and to provide water supply. The Meuse is part of an 
important transport network in the trans-European inland waterways along with the 
Waal, the Rhine-Scheldt Canal and the Albert Canal (Belgium). Weirs are used to make 
sure that the river is navigable during the whole year. Part of the waterway is the Juliana 
Canal parallel to the Common Meuse. An indication of the importance of the Meuse 
River for navigation can be given using Sambeek lock. In ١٩٩٦ a total of ٥٥٧٠٠ vessels 
passed through with a combined capacity of ٤١ million tons. More than ٦٠% of the 
freight is accounted for by sand and gravel. To put these numbers in perspective, it 
should be noted that ١٦٥٠٠٠ vessels pass at Lobith each year a combined freight of ١٥٠ 
million ton (Middelkoop, ١٩٩٨). Hence the transport on the Meuse River is about ١/٣ of 
the Rhine River. 
 
٣.١٠. Natural and human interventions in the river bed morphology 
 
The natural Meuse River of the last centuries was a typical island river with at least ١٠٠ 
islands. Most of these islands have disappeared due to river training in the ١٩th century, 
but the ones that still exist have changed very little over the last two centuries. The 
biggest changes in the course of the river Meuse were the result of normalization and 
canalization works between ١٨٥٠ and ١٩٤٠. During this period the all-shallow and wide 
river was reduced to one uniform channel. Between ١٩٠٠ and ١٩٣٠ weirs and locks 
were built in The Netherlands and Belgium in order to improve shipping conditions. 
This was also the main motivation to built canals along the river Meuse. The conditions 
that were created by this normalization lead to further incision of the riverbed and which 
was accelerated by large-scale of gravel mining. 
 
In ١٩٩٢ the Ministry of Transport, Public works and Water management, the Ministry 
of agriculture, nature management and fisheries and Province of Limburg agreed to 
develop a joint plan to use the revenue of gravel mining for nature development 
(Grensmaas project). This should result in a widened channel of the Common Meuse in 
which a great diversity of the natural habitats could develop. At the same time the 
widened river reduces the risks of flood discharges, after the floods of ١٩٩٣ and ١٩٩٥ 
the aim of the project were adjusted in order to reduce the effects of such high 
discharges even more.  
 
Subsequently this project was merged in April ١٩٩٧ with a project for the improvement 
of navigation conditions in the Dutch Meuse together with limited nature development 
(Zandmaas / Maasroute). This project and the resulting project organization are called 
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“De Maaswerken”. Its goals are to present a set of interventions for the Dutch Meuse 
combining the needs for flood protection, intensified navigation and nature development. 
Some temporal measures to increase protection against future floods are carried out. 
Structural flood protection measures and interventions to improve nature and shipping 
conditions and to gain incomes with gravel mining are still in development. 
Nevertheless, this will certainly involve adjustments of the river profile accompanied by 
morphological response in future. 
 
The extent to which interventions contribute to the morphological behaviour in the 
future is difficult to determine. This is due to the very large time scale over which 
interventions in the Common Meuse influence the river morphology. As a lot of human 
activities around the river have taken place in the last centuries, the effects will occur 
simultaneously.  

 
٣.١١. Data availability 

For the purpose of studying the existing problem in the Meuse River and trying to 
reproduce the morphological phenomena happen during ٢٠٠٣-٢٠٠٢ floods using 
Delft٣D software, different kind of data were requested to be provided, in order to 
defining as much as possible the character of the river and its boundary and initial 
conditions to the model. The required data were consists of: 

• Hydrological data for the Meuse River (hourly basis) 
• Bed topography of the river at and near to the problem area for different time 

references (before the project, after the project and before the flood and after the 
project and the flood) 

• Roughness of the main channel and the floodplain 
• Cross-sections of the river 
• Sediment transport quantities (most interested in bed load transport which used 

in the model) 
• Grain size distribution of the sediment transport, bed composition and bank 

composition 
• Bank erosion rate 
• Input and output of WAQUA model (which contain some of the required items) 
• Some other data sets (Arial photo, GIS photos before and after the flood, etc.) 

 
The process of identification and collection of data took quite some time (about three 
months) till provided for us to be used in the model, but most of the required items were 
covered, in below some important ones will be mention: 
 
The discharge data was provided from ١٩١١ to ٢٠٠٤ in daily basis, and also for the 
flood period is provided in hourly basis. Also the water level is provided in hourly basis 
for some period of the flood, and a rating curve is provided for km ٣٨ as shown in 
Figures below: 
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Figure  ٢٠٠٣-٢٠٠٢ :٣.٧ hydrograph 
 
 
 

Rating Curve at km ٣٨
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Figure  ٣.٨: Rating curve for the Meuse River at km ٣٨ 
 
 
The bed topography, roughness, cross-sections, land boundaries and other geometric 
feature inside the floodplain were provided in term of WAQUA schematizations for 
different time intervals, (١٩٩٨ before the project) and (٢٠٠٣ after the project)  
 
The grain size distribution was provided for bed material composition, indicating each 
of top-layer and sub-layers ٢ & ١ as shown below: 
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Table  ٣.٢: Grain size distribution of the bed composition for each of top layer and two sub-layers. 
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Figure  ٣.٩: Grain size distribution of the bed composition for each of top layer and two sub-layers. 
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٤. Model Description 

٤.١. Introduction 
 

The numerical hydrodynamic modelling system Delft٣D-FLOW solves the unsteady 
shallow water equations in two (depth-averaged) or in three dimensions. The system of 
equations consists of the horizontal equations of motion, the continuity equation, and 
the transport equations for conservative constituents. The equations are formulated in 
orthogonal curvilinear co-ordinates or in spherical co-ordinates on the globe. In 
Delft٣DFLOW models with a rectangular grid (Cartesian frame of reference) are 
considered as a simplified form of a curvilinear grid. In curvilinear co-ordinates, the 
free surface level and bathymetry are related to a flat horizontal plane of reference, 
whereas in spherical coordinates the reference plane follows the Earth's curvature. 
 
Every numerical model needs different kinds of data for preparing an input file. The 
quality and accuracy of the data directly affects the accuracy of the result of the model. 
Data should be selected carefully if many data are available. 
 
The required data for the present study on the Common Meuse is provided by different 
organizations and companies, such as RIZA, pilot project Meers and De Maaswerken. 
 
For the purpose of preparing a good input file to our model we requested different sort 
of data for representing the area of interest and introducing the important elements and 
features into the model that have a significant effect on the result. 
 
The requested data consisted of several items, such as discharges, water level records, 
bed roughness, bed topography for different situations (pre project, post project and 
before the flood, post project and after the flood), grain size distribution of bed material, 
quantity of sediment transport (bed load transport) and WAQUA model schematisation. 
 
The data provided covered most of the required items. Still some other data should be 
provided, but the process of collecting them took a long period of time, which limited 
the remaining study time.  
 
٤.٢. Model Setup 
 
Model setup is a vital step in the numerical modelling. All input files should be 
prepared individually and then connected together inside the model in an appropriate 
way. Below a short description is given of model setup and required input data for 
Delft٣D.  
 

٤.٢.١ Selecting boundaries of the model 
 
The boundaries of the model should be selected at a distance far from the area of 
interest such that the effect errors at the boundaries will not reach the study area. In this 
particular study both upstream and downstream boundary were selected about ٥ km far 
from the area of interest. 
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The upstream boundary was selected at Geulle at km ٢٤.٦ and the downstream 
boundary located ٢ km below Leut (i.e. at km ٣٨). The length of the river reach within 
the model is about ١٣.٥ km. 
The land boundary (width of floodplain) is selected with the help of the WAQUA 
schematization as indicated by a light blue colour in Figure ٤.٢.   
 

٤.٢.٢ Grid generation 
 
Mostly in numerical modelling the first input file that should be prepared is the 
computational grid generation. It is considered as the heart of the model input data, 
because the whole processing depends on the grids.  The quality of the grid file has a 
large influence on all processes of the model (morphological and hydro-dynamic). 
Coarsening the grid gives less accurate results and refining it will increase the 
computational time of the model. There are some parameters should be taken into 
consideration while the grid system is developed like orthognality and smoothness of 
the grids. 
 
The data provided included a prepared grid file for the Meers location on the Meuse 
River, but unfortunately this grid file was not suitable for morphological computations, 
because in some areas the grid lines did not follow the direction of the main channel as 
shown in Figure ٤.١. This might cause some computational instability especially at low 
flow condition. Nevertheless grid generation for the Meers location was not an easy task, 
because there are two difficult bends of the river with a wide floodplain. 
 
There are several techniques to generate grid system for a specific area; firstly for 
regular shapes the easier way is to generate the grids by some programming technique, 
secondly if the area of interest will be a river with a narrow floodplain the grid can be 
generated first for the main channel, then it can be extended to the floodplain 
considering the restriction of the parameters mentioned above (orthognality and 
smoothness), finally when the river has a wide flood plain the grid generation become 
more difficult and the first step in this case is to draw the summer bank of the river and 
then drawing some perpendicular lines at equal distances (preferable) to these banks.  
 
Later on these perpendicular lines should be extended to cover the floodplain area in the 
way to reduce somewhat the effect of the bends in the river through the wide floodplain 
which considered as the most difficult part of the grid generations for such areas. After 
that the grid will be generated for the whole area and the processes of orthognality and 
smoothness will be continued for the grid cells part by part till they will be under 
acceptable ranges, but it will be very time consuming processes, which was the case in 
this particular study. 
 
It can be concluded from the above descriptions the preparing the grid file will affect 
the overall result of the model and the study itself, so that it should be made very 
carefully and considering most of the circumstances 
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Figure ٤.١: Grid schematisation in WAQUA model 
 
 
 

 
 
Figure ٤.٢: Grid schematisation in Delft٣D model 
 
 

٤.٢.٣ Selection of time step (∆ t) 
 
The time step should be selected in such a way that the computation remains stable. 
Generally, you can choose the time step based on accuracy arguments only, in most 
cases stability is not an issue. The accuracy is, among several other parameters, such as 
the reproduction of the important spatial length scales by the numerical grid, dependent 
on the Courant number (Cr), defined by: 
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Where ∆t is the time step (in seconds), g is the acceleration due to gravity, h is the (total) 
water depth, and {∆x, ∆y} is a characteristic value (in many cases the minimal value) of 
the grid spacing in either direction. 
Generally, the Courant number should not exceed a value of ten, but for problems with 
rather small variations in both space and time the Courant number can be taken 
substantially larger. 
We can obtain the minimum value of {∆x and ∆y} from the grid generation and they are 
about, 
∆x= ٢.١٢ m 
∆y= ٤.٢٩ m 
If we assume the water depth will be about (٥ m) and the acceleration of gravity about 
١٠ N/s٢, the estimated time step can be calculated from the above equation as below: 
 

. ٥١٠*١٠ ٣ seconds = ٠.٠٥minutes
٢.١٢

t t∆
= ⇒∆ ≅  

 
The time step obtained is very small which mostly increases the overall computational 
time of the model, and the minimum values of the grid cells {∆x and ∆y} are not 
located inside the main channel, but far at the end of the floodplain. For that reason 
another time step was tested (∆t= ٠.١ min.), and the water level, velocity and the 
secondary currents were checked, as shown in Figures ٤.٥ – ٤.٣: 
 

 
 
Figure  ٤.١: Water level for different time steps 
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Figure  ٤.٢: Secondary flow intensity for different time steps 
 
 

 
 
Figure  ٤.٣: Depth averaged velocity for different time steps 
 
From the above results we can conclude that by increasing the time step from ٠.٠٥ min 
to ٠.١ min any considerable changes were not noted in the output parameters shown in 
Figures ٤.٥ – ٤.٣. Then it is decided to increase the time step and for other simulations 
٠.١min will be used. 
Nevertheless, the time step for the morphological computations should be checked also 
according to the Currant number, and it can be determined with the equation: 
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.n sCr
h

=  

Where Cr is the Currant number, n is the power of transport formula (٥), s is the 
sediment transport rate (m٢/s) in two directions (٢D modelling is used), and h is the 
water depth (m). 
The value of Currant number can be determined using Delft٣D quick plot and the result 
is as shown in the Figure ٤.٦ below: 
From the Figure ٤.٦ we can note that the value of currant number is very small and 
larger time step can be used, but increasing the time step might affect hydrodynamic 
condition of the model.  
 
 
 

 
 
Figure  ٤.٤: Value of Currant number for morphological model 
 

٤.٢.٤ Initial conditions  
 
The initial conditions for the model consist of bed topography (erroneously called 
bathymetry in Delft٣D), water levels, geometric features in the river and floodplain and 
other inflowing and out-flowing discharges or sediments inside the selected reach. 
 

• Bed topography  
 
The bathymetry file should be prepared according to the grid system of the model 
(Figure ٤.٢). For this study the bed topography was provided as input data of WAQUA 
model, based on the grid system of WAQUA. These files had to convert to Delft٣D 
bathymetry input files. 
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The data provided for different time references of WAQUA were a ١٩٩٨ schematization 
and a ٢٠٠٣ schematization. The ١٩٩٨ schematization was converted to a Delft٣D 
bathymetry file (after some adjustments) and used for the without project situation. The 
other one (٢٠٠٣) was combined with some measurements for the excavation site and the 
main channel of ١٩٩٨, and used for the With project situation. In Figure ٤.٦ a sample of 
the bathymetry file is shown which was used for the without project case. 
   
 

 
 
Figure  ٤.٥: Bathymetry of ١٩٩٨ used in Delft٣D model 
 

• Local weirs, roads and other geometric features inside the floodplain. 
 
Before doing a hydro-dynamic simulation with Delft٣D, it was important to introduce 
some other geometric features that occur in the floodplain area such as roads, summer 
dikes, weirs and some sort of protection structures which protect particular areas of the 
project. The detailed file was prepared for the WAQUA model and could not be used in 
Delft٣D for two reasons: different grid system and different file format. However, with 
the help of the WAQUA file those which have significant effect on the flow pattern 
have been determined and a new file of ٢D weirs was prepared to be another element of 
the Delft٣D input file. 
 
  
 



٢D Numerical Modelling with Graded sediment for Common Meuse at Meers 

By: Beston I. Sharef                                                               UNESCO-IHE & Delft Hydraulics ٤٨

 
 
Figure  ٢ :٤.٦D weirs schematisation in the floodplain used in Delft٣D model 
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Figure  ٤.٧: Sample hydrograph for upstream boundary condition used in Delft٣D model 
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Figure ٤.١٠: Q-H relation (rating curve) at km ٣٨ for downstream boundary condition used in Delft٣D 
model 
 
Fixing the bed level (constant bed level) of the upstream boundary, was the choice of 
indicating the inflow sediment to the model, with this condition the model able to 
introduce any sediment that will be eroded at the first cell after the boundary, and the 
same amount of sediment will entered to the model.  
From the data given in chapter ٣ for the grain size distribution, provided three layers 
(top layer and sub layers ٢ & ١). All layers were defined in the model, and the grain 
sizes were divided over ٥ different fractions starting from ٠.٢ mm diameter to ١١٠ mm 
diameter as shown in tables ٤.١: 
 

Sediment 
Fractions 

% of 
Top layer 

% of 
Sub-layer ١ 

% of 
Sub-layer ٢ 

٣.٠-٠.٢ mm ١٠ ٢١ ٠ 
٨.٠-٣.٠ mm ١١ ١٠ ٠ 
٢٢.٠-٨.٠ mm ٢٩ ١٩ ٢٢ 
٤٢.٠-٢٢.٠ mm ٣١ ٢٦ ٤٠ 
١١٠.٠-٤٢.٠ mm ١٩ ٢٤ ٣٨ 
Total %١٠٠% ١٠٠% ١٠٠ 

 
Table ٤.١: Sediment fractions and their relative occurrence for the different layers used in Delft٣D 
 

٤.٢.٥ Roughness files (Chézy coefficient) 
 
With the WAQUA schematization a detailed roughness file was provided for the whole 
area, but because the grid system distribution was changed, it was not possible to use it 
in Delft٣D. Nevertheless, creating such detailed file for the main channel and the 
floodplain is not impossible but it is very difficult in a short period of time. Because of 
that with the help of the WAQUA input file a constant Chézy coefficient was selected 
for the main channel (٤٥ m١/٢/s) and another one for the floodplain (٣٦ m١/٢/s), as shown 
in the Figure ٤.١٠: 
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Figure ٤.١١: Roughness schematisation (based on Chézy coefficient) used in Delft٣D model 

٤.٢.٦ Observation points and cross-sections 
 
The observation points and cross-sections are required in the model setup for the 
purpose of monitoring and storing historical results in particular locations and interest 
points. The prepared and used points and cross-sections are shown in Figure ٤.١١: 
 

 
Figure ٤.١٢: Observation points and cross-sections used in Delft٣D model 
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Finally by collecting all these files and conditions and defining them in Delft٣D along 
with some other aspects which can be used in the user interface, the first setup of the 
model was finished. It can be checked, calibrated or verified in the next step. But before 
that it is important to know what type of equations (in general) has been implemented in 
Delft٣D (see chapter ٢).    
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٥. Model Calibration and Verification 

٥.١. Introduction 
 
The aim of the calibration is to obtain a model that is representative for the Meuse River 
and properly reflects the hydraulic and morphological phenomena in the river.   
Several parameters are available to influence the morphological processes calculated by 
a model. The amount of coefficients and the nature of them depend on the sediment 
formulas used. 
An ideal morphological model should be calibrated for different conditions such as flow 
(hydrodynamic of the model), transport formula and morphological parameters that 
have effect directly on the changes. 
Flow or hydrodynamic calibration is should be done with different values of roughness 
coefficient, either in the main channel and the flood plain, because in reality the 
roughness of the surface is differ from point to another, and the best solution is to 
prepare the roughness coefficient for the grid generation of the model i.e. for each grid 
cells introduce roughness coefficient.  
Calibration for the transport formula is can be done by calibrating different parameters 
of the formula, for example if Meyer–Peter–Muller (MPM) formula is used, normally 
the calibration will be done for: 
Overall calibration factor (TRF): with this factor the transport rate quantities can be 
controlled between the measured and computed one. This factor will affect the direct 
change of the sediment transport magnitude. This has effect on the time-scale of 
morphological development. 
Critical Shields parameter crθ : determines the hydraulic conditions at which sediment is 
entrained. A lower critical Shields value will increase the total sediment transport. 
Ripple factorµ : represents the percentage of the total shear stress that is the result of 
particle roughness. The additional roughness is caused by bed forms (dunes). The 
relative contribution of the particles to the total roughness decreases as the dunes get 
larger. A smaller ripple factor will lead to less sediment transport and smaller 
morphological changes. 
Morphological parameters include all of the parameters that contribute in the 
morphological changes in both time and space scales, the most important parameters 
that should be calibrated are: 
Effective layer thickness effδ : this factor influences the arte at which the river bed 
adjusted to the condition on the river. Therefore, it also influences the rate at which 
morphological changes move further down stream. A thin layer will be able to coarsen 
much faster than a thick layer. This difference in time influences the magnitude of the 
morphological effects. 
Morphological factor (MORFAC): this factor either by speeding up the morphological 
changes, or by affecting the hydrodynamic condition of the model (distorting the 
hydrodynamics) will influence the morphological changes. 
 
In this particular study the calibration was not carried out for the transport formula 
(Meyer – Peter – Muller), because this formula is already calibrated with graded 
sediment for the Meuse River, and it seems that this formula gives a quantity of 
sediment transport which is twice the measured one. This means the overall calibration 
factor is ٠.٥. 
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Unfortunately the thickness of the transport layer (active layer) also was not calibrated 
because of the time limitation and it was estimated to be more-less equal to the top-layer 
of bed composition which is about ٠.٢٥ m. The thickness of this layer influences the 
rate at which the river bed adjusts to the condition in the rivers. Therefore, it also 
influences the rate at which morphological changes move further downstream. A thin 
layer will be able to coarsen much faster than a thick layer. This difference in time 
influences the magnitude of the morphological effects (Berkhout, ٢٠٠٣).  
Mr Di Silvio and Mr Peviani described a formula for determining the thickness of 
transport layer in mountain rivers in Italy which mostly likely to be gravel bed rivers as 
shown in below: 
 

٩٠٢ dδ = ∗  
where  = is the thickness of transport layerδ . This equation related the transport layer 
thickness to the d٩٠ of the armour layer. 
 
٥.٢. Effect of main channel roughness on the water level (Chézy 

coefficient)  
 
For the purpose of determining the effect of the Chézy coefficient on the water level and 
flow pattern another simulation was made by changing the value of the Chézy 
coefficient of the main channel from ٤٥ m١/٢/s to ٤٧ m١/٢/s, and by fixing the value of 
Chézy coefficient of the floodplain to be ٣٦ m١/٢/s, the result is shown in Figure ٥.١: 
 

 
 
Figure  ٥.١: Effect of Chézy value on water level   
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From this Figure we can conclude that the Chézy coefficient has a significant effect on 
the water level at peak flow. It lowered water the level more than ٠.٥m at peak flood, 
whereas only slight changes appeared for the rest. 
 
 
٥.٣. Model verification (hydrodynamic) 
 
After the model setup, it is important to make some sort of calibration and verification; 
if the field measurements or lab measurements are available the calibration test of the 
model should be made for determining different factors and parameters to be put into 
the model for later use. 
 
In this particular study only some verification tests were made for the model because the 
output file of another package (WAQUA) was available (calibrated for water levels in 
the river and the floodplain). We had to compare the Delft٣D flow condition with it, and 
to play with some parameters for improving the flow condition to be the same or close 
to that of the WAQUA model. Nevertheless, some sort of sensitivity analysis was made 
by altering some parameters and significant changes of the output were noticed. 
 
The first verification was made for the water level in the river by comparing the result 
of the Delft٣D and WAQUA models. Delft٣D has several options to define input files, 
for example as shown in the Figure ٥.٢, in numerical parameter menu it is possible to 
calculate the bed levels at water level points by interpolating the values at the corner of 
each grid cells or direct calculating at the middle of the grid cells (the option from 
depth point). 
Usually in Delft٣D the depth file is defined in the model by taking the values at the grid 
cell corners and the water level is usually computed at the centre of the cells. It can be 
noted from the Figure that there are several options for interpolating the depth at each 
grid cell such as max., mean, min., and from depth point. The first three options use 
interpolation between the values and the last option takes the computation at the point 
of depth. 
Max means that the interpolation will take the maximum value between the points, 
which gives an over estimation of the conveyance capacity of the main channel and will 
lead to an underestimation of the water level in the river, whereas, min means vice versa 
i.e. it takes the minimum value and it will give an underestimation of the conveyance 
capacity of the main channel and high water level. The mean is the average of them and 
will be somewhere in between max and min. 
From the explanatory Figures ٥.٦-٥.٣, if the dashed lines be the simple cross section 
defined in the model, and the solid lines be the  cross-sections interpolated between the 
points, the definition of max, min, and mean will be as below:- 
Figure ٥.٤ is representing interpolation between points by taking the maximum value 
(selecting max) and it can be noted that the cross section is larger than the original one 
(dash line), whereas the interpolation by taking the minimum value (selecting min) will 
reduce the cross-section of the river as shown in Figure ٥.٥. However averaging them 
will produce a better choice where the cross-section is more close to the defined one 
(selecting mean) as shown in Figure ٥.٦.   
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Figure  ٥.٢: defining input files in to Delft٣D 
 
 
 

 
 
Figure  ٥.٣: Simple schematisation of river section 
 
 
 

 
 
Figure  ٥.٤: cross-section in case of selecting max  
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Figure  ٥.٥: cross-section in case of selecting min  
 
 

 
 
Figure  ٥.٦: cross-section in case of selecting mean  
 
The sensitivity analysis was made for verifying the water levels in Delft٣D by 
comparing them to those in WAQUA. The result is shown ٥.٧:- 
 

 
 
Figure  ٥.٧: Sensitivity analysis for water level in Delft٣D   
 
It can be noted from Figure ٥.٧ that in the case of selecting Min, as explained before, 
the conveyance capacity of the main channel is underestimated and we can note a rapid 
increase in water level especially under peak flow conditions. 
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The water level in the WAQUA model seems to be between the cases of Max and 
Mean. 
For making the water level condition in Delft٣D to be more close to the condition in 
WAQUA, we took the average of Max and Mean by converting the output file of each 
of them to the input file and creating a new depth file for the model. The result is shown 
in Figure ٥.٨: 

 
 
Figure  ٥.٨: Verification of water level in Delft٣D   
 

 
We can see easily from the Figure ٥.٨ that the new line which represents the average 
value of Mean and Max is more close to the condition in the WAQUA model. And here 
the verification for the hydrodynamic flow condition can be stopped to start with the 
next and important part of the modelling for this study, which is the morphological 
computation with graded sediment. 
 
 
 
٥.٤. Selection of morphological factor (MORFAC) 
 

٥.٤.١ Introduction 
 
One of the complications inherent in carrying out morphological projections on the 
basis of hydrodynamic flows is that morphological developments take place on a time 
scale several times longer than typical flow changes (for example, tidal flows change 
significantly in a period of hours, whereas the morphology of a coastline will usually 
take weeks, months, or years to change significantly). One technique for approaching 
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this problem is to use a “morphological time scale factor” whereby the speed of the 
changes in the morphology is scaled up to a rate that it begins to have a significant 
impact on the hydrodynamic flows. 
This can be achieved by specifying a non-unity value for the variable MORFAC in the 
morphology input file. 
The implementation of the morphological time scale factor is achieved by simply 
multiplying the erosion and deposition fluxes from the bed to the flow and vice-versa by 
the MORFAC-factor, at each computational time-step. This allows accelerated bed-
level changes to be incorporated dynamically into the hydrodynamic flow calculations. 
While the maximum morphological time scale factor that can be included in a morpho-
dynamic model without affecting the accuracy of the model will depend on the 
particular situation being modelled, and will remain a matter of judgement, tests have 
shown that the computations remain stable in moderately morphologically active 
situations even with MORFAC-factors in excess of ١٠٠٠. We also note that setting 
MORFAC =٠ is often a convenient method of preventing both the flow depth and the 
quantity of sediment available at the bottom from updating, if an investigation of a 
steady state solution is required (Delft٣D flow manual, ٢٠٠٥). 
Some test case simulations were made for both without project and with project by 
selecting a ١٠ days hydrograph from the ٢٠٠٣ – ٢٠٠٢ hydrograph. Different 
morphological factors were used with original and squeezed hydrographs as explained 
below: 
 
 

٥.٤.٢ Hydrodynamic and morphological time of ١٠ days (١٠ days hydrograph 
and morphological factor ١) 

 
In this case the hydrodynamic and morphological updating is as under normal real 
conditions without speeding up the morphological changes in the bed topography of the 
river. 
As explained in chapters ٣ & ١, the Meuse River is the only gravel bed river in the 
Netherlands, and the armouring phenomena are present in the gravel bed reach, where 
the particle sizes were relatively coarse at the top layer and paved the river bed. During 
most period of the year this pavement remains stable till the peak will come and induce 
large shear force on the bed material. Sometimes this armoured layer will break down 
and the bed material will be entrained by the flow. 
In order to study these phenomena, as a first trial the peak flood hydrograph of ٢٠٠٢-
٢٠٠٣ was used in most of the simulation, because we want to have insight into the 
changes will happen due to this flood. 
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٢٠٠٣-٢٠٠٢ Peak flood hydrograph
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Figure  ٥.٩: Normal peak hydrograph of ٢٠٠٣-٢٠٠٢ floods. 
 
 
After entering all required information and defining data to the model, the 
morphological computations were started and some results were obtained as shown in 
Figures ٥.١١ – ٥.١٠: 
 
In Figures ٥.١١ – ٥.١٠ the dark red is maximum sedimentation and dark blue is 
maximum erosion. 
In Figure ٥.١٠ the cumulative erosion and deposition is shown for indicating and 
determining what was the possible effect of the ٢٠٠٣-٢٠٠٢ peak flood if the project was 
not implemented in this location (Meers), it can be seen that there are no changes in the 
floodplain far from the main channel, but also it is not clear for the part of the 
floodplain near to the main channel. 
If the main channel and a part of the floodplain are zoomed as shown in Figure ٥.١١ the 
difference will be more clear. 
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Figure  ٥.١٠: Cumulative erosion and deposition for ١٠ days hydrograph and morph. factor ١. 
 
 

 
 
Figure  ٥.١١: Cumulative erosion and deposition in the main channel for ١٠ days hydrograph and morph. 
factor ١. 
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It can be concluded from the Figures ٥.١١ – ٥.١٠ that also if the project is not 
implemented some sedimentation and erosion was possible due to the effect of this 
flood peak hydrograph. 
  
 

٥.٤.٣ Hydrodynamic time of ٢.٥ days and morphological time of ١٠ days (٢.٥ 
days hydrograph and morphological factor ٤) 

 
The inflow hydrograph used in section (٥.٤.٢) is squeezed by a factor of ٤. This is done 
by dividing each discharge duration in the normal hydrograph by a factor ٤, this was for 
reducing the computational time of the model. And the morphological changes were 
multiplied by a factor ٤ also, thus for speeding up the morphological changes with 
shorter duration hydrograph to ١٠ days morphology. 
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Figure  ٥.١٢: Squeezed hydrograph of ٢٠٠٣-٢٠٠٢ floods by factor ٤. 
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Figure  ٥.١٣: Cumulative erosion and deposition for ٢.٥ days hydrograph and morph. factor ٤. 
 
 

 
 
Figure  ٥.١٤: Cumulative erosion and deposition in the main channel for ٢.٥ days hydrograph and morph. 
factor ٤. 
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If we note to the Figures ٥.١٤ – ٥.١٣, the erosion and sedimentation pattern is mostly 
the same as of the previous case. It might be there is some difference in magnitude but it 
cannot be identified here, and it will be more clear when the comparison will be carried 
out for the different cases.   
 

٥.٤.٤ Hydrodynamic time of ١.٢٥ days and morphological time of ١٠ days (١.٢٥ 
days hydrograph and morphological factor ٨) 

 
The inflow hydrograph used in section (٥.٤.٢) is squeezed by a factor of ٨. This is done 
by dividing each discharge duration in the normal hydrograph by a factor ٨, this was for 
reducing the computational time of the model. And the morphological changes were 
multiplied by a factor ٨ also, for speeding up the morphological changes with a shorter 
duration hydrograph to ١٠ days morphology. 
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Figure  ٥.١٥: Squeezed hydrograph of ٢٠٠٣-٢٠٠٢ floods by factor ٨. 
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Figure  ٥.١٦: Cumulative erosion & deposition for ١.٢٥ days hydrograph and morph. factor ٨. 
 

 
 
Figure  ٥.١٧: Cumulative erosion and deposition in the main channel for ١.٢٥ days hydrograph and morph. 
factor ٨. 
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Also in this case the same pattern is repeated in terms of cumulative erosion and 
deposition but still the effect of hydrograph squeezing and using different 
morphological factors is not clear for this short morphological change time which is 
equal for all cases (١٠ days morphological time for all three cases). 
 
If the above three hydrographs are drawn together the difference between them can be 
easily noted. In order to study the effect of the hydrograph squeezing and the 
morphological factor, some comparisons were made and the result is as shown in 
Figures ٥.٢٧ – ٥.١٩.  

Normal & squeezed hydrographs 
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Figure  ٥.١٨: Normal and squeezed hydrograph of ٢٠٠٣-٢٠٠٢ floods. 
 
From Figure ٥.١٨ the difference between the hydrographs easily and clearly can be 
noted, but the consequences of this squeezing (reduction in computational time) is 
shown in Figures ٥.٢٧ – ٥.١٩: 
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Figure  ٥.١٩: Cumulative erosion and sedimentation along longitudinal profile first line from the left bank 
(zero value is located at km ٢٤.٥ of the river). 
 

 
 
Figure  ٥.٢٠: Cumulative erosion and sedimentation along longitudinal profile second line from the left 
bank (zero value is located at km ٢٤.٥ of the river). 
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Figure  ٥.٢١: Cumulative erosion and sedimentation along longitudinal profile third line from the left 
bank (zero value is located at km ٢٤.٥ of the river). 
 

 
 
Figure  ٥.٢٢: Cumulative erosion and sedimentation along longitudinal profile fourth line from the left 
bank (zero value is located at km ٢٤.٥ of the river).. 
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Figure  ٥.٢٣: Cumulative erosion and sedimentation along longitudinal profile final line at right bank 
(zero value is located at km ٢٤.٥ of the river). 
 
These Figures represent the cumulative erosion and sedimentation along longitudinal 
cross-sections of the river at each of the five grids lines (٢٣ ,٢٢ ,٢١ ,٢٠, and ٢٤). 
If a careful look is taken to the results, it can be noted that there are some differences 
between them, especially for the case of using morphological factor ٨ (green line), 
whereas the differences are much less between the red and blue lines. 
It is difficult to decide whether or not the morphological factor can be used, because if 
the results are not the same for different morphological factors and equal morphological 
time (hydrograph squeezing), at the end we can not depend on the result for our 
decisions.   
For that purpose it is better to go further into detail of the results by taking or 
considering some specific points or locations along the river (points where extreme 
erosion and sedimentation had taken place), and to compare the above three cases to 
have an idea what are the relative errors in the results while the morphological changes 
were speeded up by using a higher morphological factor with a shorter hydrograph 
duration. 
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Figure  ٥.٢٤: Time dependent cumulative erosion and sedimentation at point where sedimentation had 
taken place (Without project situation). 
 
 

 
 
Figure  ٥.٢٥: Time dependent cumulative erosion and sedimentation at point where erosion had taken 
place (Without project situation). 
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All the above tests were done for the without project case (using the bed topography of 
١٩٩٨). The same tests were also made for the with project case (٢٠٠١), but it is not 
relevant to repeat every step. The results for the above two points are shown in Figures 
٥.٢٧ & ٥.٢٦: 
 

 
 
Figure  ٥.٢٦: Time dependent cumulative erosion and sedimentation at point where sedimentation had 
taken place (With project situation). 
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Figure  ٥.٢٧: Time dependent cumulative erosion and sedimentation at point where erosion had taken 
place (With project situation). 
 
From Figures ٥.٢٥ & ٥.٢٤ the difference between results for different morphological 
factors are clearly Figured out. In the case of using MORFAC =٨ (green line) the 
erosion is at one point almost three times more than when using MORFAC =١ (red line), 
while the difference is much less for MORFAC =٤ (blue line). This will attract a 
conclusion that the result of the green line is not reliable (if the result of the red line is 
near to the actual situation).    
But if we look at Figures ٥.٢٧ & ٥.٢٦ which represent the same condition but for the 
With project situation (using ٢٠٠١ bed topography), it can be noted that the difference 
of results between the green line (MORFAC=٨) and the red line (MORFAC=١) is much 
less than the difference between the corresponding lines in the Without project situation 
for the same points. Nevertheless, the difference remains so significant that a modeller 
could have some fear to use it. 
But for MORFAC=٤ the difference is not considered significant if no precise results are 
requested to come out of the model (mostly qualitative results are needed), and if 
only a short period of time is available for having an idea what will be the possible 
consequences for implementing some sort of measures and projects either in the river 
itself or at the floodplain close to the main channel. 
In this particular study, MORFAC=٤ was preferred, due to a limited time availability 
for carrying out the study and for longer morphological computations.  
One important remark should be mentioned that by squeezing the hydrograph the 
hydrodynamic condition of the model will be affected, and we have to be sure that the 
hydrodynamic computation remain stable while the hydrograph is squeezed, otherwise 
unreliable results will come out of the model 
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٦. Model applications and analysis of results 

٦.١. Introduction 
 
Once the model is properly calibrated, it can be to simulate different cases. This chapter 
describes the application of the model to the Pilot Project Meers.  
 
A summary of the results will be presented, and subsequently the results will be 
analyzed and discussed. 
 
Mostly the results of two different situations will be presented separately and some 
comparisons will be made on the basis of relative changes in order to view the effect of 
the implemented project (sediment mining) on this particular location. 
 
For this purpose three different simulations were done for both without project and with 
project cases using different hydrographs. The comparison will be based on using the 
same morphological time and inflowing hydrograph for both cases. 
 
The initial condition of the bed material that introduced to the model is contain all 
fractions, and due to time limitation the model was not run with constant low discharge 
for obtaining the armouring phenomena, obtaining equilibrium situation in the river.  
 

 
Table  ٦.١: Overview of cases studied  
 
The studied cases for both situations are described in the table ٦.١ above, and it can be 
seen that the second row represent the cases for without project situations and the same 
for with project situation is shown in the third row. The numbers written in bold 
represent the sections where the results of these simulations are shown.  
 
 
 
 
 
 

Index Situations 
Studied 

in 
Sections 

Hydrograph Morphology Initial topography 
Comments days Squeezing 

factor MORFAC days Main 
channel Floodplain 

WOP١ 

Without 
project 

Appendix 
A١٩٩٨ ١٩٩٨ ١٠ ٤ ٤ ١٠ ١ For more details 

look to the 
referred sections 
under the third 
columns 

WOP٢ Appendix 
A١٩٩٨ ١٩٩٨ ٣٠ ٤ ٤ ٣٠ ٢ 

WOP١٩٩٨ ١٩٩٨ ٦٠ ٤ ٤ ٦٠ ٦.٢.٢ ٣ 
WP١ 

With 
Project 

Appendix 
A٢٠٠٣-٢٠٠٢ ١٩٩٨ ١٠ ٤ ٤ ١٠ ٣ 

WP٢ Appendix 
A٢٠٠٣-٢٠٠٢ ١٩٩٨ ٣٠ ٤ ٤ ٣٠ ٤ 

WP٢٠٠٣-٢٠٠٢ ١٩٩٨ ٦٠ ٤ ٤ ٦٠ ٦.٣.٢ ٣ 
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٦.٢. Without project situation study 
 

٦.٢.١ Introduction  
 
In this part of the study the major focus will be on morphological changes without the 
project, to see an insight in what would be the effect of the ٢٠٠٣–٢٠٠٢ floods if the 
project would not have been implemented. For this purpose the bed topography of ١٩٩٨ 
(the only recent available data which was provided before the project) is used to 
represent the situation before the flood and the project. Also some sort of sensitivity 
analysis and verification tests were made to the hydrodynamic conditions and compared 
with WAQUA output before we enter into the morphological computations using 
Delft٣D. 
 
The top layer in the river is much coarser than the sub-layers (see table ٤.١). This layer 
might be stable during most periods of the year, except for the peak flood durations 
when the shear force induced by the flow will be greater than the critical shear stress of 
the upper layer. 
 
The downstream boundary conditions remain the same for all cases. They consist of a 
rating curve at km ٣٨, while the upstream boundary conditions were changed for most 
of the cases either in duration or magnitude of peak flood. 
 
Below some results will be presented for the different case of WOP٣ and for the other 
cases that were studied, the results will be shown in the appendixes (WOP١ – A١ and 
WOP٢ – A٢). 
 

٦.٢.٢ Case WOP٣: Using ٦٠ days Constructed hydrograph  
 
In this case we constructed a longer hydrograph of ٦٠ days by combining the floods in 
٢٠٠٢ with the flood at the end ٢٠٠٢ – beginning ٢٠٠٣. This is equivalent to the ٢٠٠٢-
٢٠٠٣ hydrograph, becomes only the peaks were selected that have considerable effect 
on the morphology. The selected and merged peaks are shown in the Figure ٦.٢.  
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 Figure  ٦.١Figure ٢٠٠٣-٢٠٠٢ :٦.١ hydrograph. 
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 Figure  ٦.٢: Selected peaks from ٢٠٠٣-٢٠٠٢ hydrograph. 
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The result can be seen in the Figure ٦.٣ below: 
 

 
 
Figure  ٦.٣: Cumulative erosion and sedimentation for ٦٠ days morphological study (squeezed real 
hydrograph). 
 
Same conclusions can be derived for this case also in term of morphological changes, 
but here it can be noted that the magnitudes of both erosion and sedimentation is smaller 
or less than the case WOP٢ which shown in the appendix A٢. This due to the maximum 
discharge values used in the simulations, and this result shown in the Figure ٦.٨, can be 
considered as better than the others shown in previous cases. Because in this section the 
morphology of the river was studied with longer durations and the used hydrograph 
took from the original one of ٢٠٠٣-٢٠٠٢. Later on the comparison between both 
situations will mostly carrying out depending on the results of this section ٦.٢.٢ WOP٣ 
and section ٦.٣.٢ WP٣. 
 
٦.٣. With project situation study 

 

٦.٣.١ Introduction  
 
In order to answer the research questions especially whether it is possible to reproduce 
the phenomena that happened in the Meuse River in the period ٢٠٠٣-٢٠٠٢, this part of 
study is very important. Because from here we can decide whether if a powerful 
package like Delft٣D with graded sediment can be useful or not in designing the 
lowering floodplains and the widening of channel in other parts of the river, which 
mostly have similar characteristics and behaviours.  
 
Most of the input files for the simulations done in this part are the same with the without 
project situation. The only difference is here the bathymetry of end ٢٠٠١ should be used. 



٢D Numerical Modelling with Graded sediment for Common Meuse at Meers 

By: Beston I. Sharef                                                               UNESCO-IHE & Delft Hydraulics ٧٧

However this data was not available and some procedures were made for obtaining it 
(see table ٦.١). 
 
For this reason we tried to make best guess for the bed topography of end ٢٠٠١ by 
combining the main channel of ١٩٩٨ with the floodplain ٢٠٠٣-٢٠٠٢ and thus 
neglecting all morphological changes between ١٩٩٨ and ٢٠٠١. 
 
The same cases that were studied for the without project situation are repeated for this 
situation again, but using the newer bed topography (see also table ٦.١). 
 
Before presenting the results of the various cases with project simulations, its better to 
discuss in advance the effects if a project would be implemented in the Meers location 
Reference is made to the Figures ٦.٤ and ٦.٥: 
 
If we look to the simple cases shown in Figure ٦.٤a which represent a uniform cross-
section and the dash line represent the proposed project for lowering the flood plain at 
one side of the river. The most possible changes can be determined according to the 
equations: 
 

ihhBCQ ××××=   
 
u C h i= ×  
 

.
Qu

B h
=  

  
where Q is the total discharge, B is the width of the river, h is the water depth, i is the 
bed slope, C represent the Chézy coefficient, and u is flow velocity. 
If we assume that the value of bed slope, Chézy coefficient and the discharge (as a 
function of distance) are constants, then some rough computations could be carried out  
 
 
 
The changes in the morphology will mostly the same as shown in Figure ٦.٤b, and this 
due to: 
 
At point A upstream of the river 
If we assume that point A will be so far upstream that the project implementation will 
not affect on it, then the velocity can be determined from equation 

Au C h i= ×  
At point B 
 
For this point the width of the river is different between upstream and downstream, and 
then the computation will be as: 
Upstream of point B. 
At the upstream of this point the bed width is the same of the point A, but the water 
level is lower (h٢) due to the effect of the project (M٢) curve will be presented at this 
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area, the velocity will be higher, and as a consequences erosion will start to take place at 
upstream of point B: 
 

٢
١ ٢

   Because 
.B A

Qu u h h
B h

= > <  

 
Downstream of point B. 
At down stream of point B, the bed width will increase, then the velocity will decrease 
and as a consequence sedimentation will take place 
 
At point C 
Upstream of point C mostly will be the same of the downstream of point B where 
sedimentation taken place. Whereas, at downstream of point C the river returned to 
situation before.  
 
 

Effect of floodplain lowering on W.LFloodplain lowering

Section A - A

 
Figure  ٦.٤a: River cross-section  
 
According to the explanations above for the different points the final equilibrium 
situation caused by project implementation. 
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Figure  ٦.٤b: Expected ١D morphological changes after the project implementation  
 
In the case of the Meuse River at Meers the river consists of a bend. Hence the 
condition is somewhat different from the above explanation for a straight river. Now if 
we consider a curved river or bend river section shown in the Figure ٦.٥, and if all 
simplifications and assumptions made for the case of straight river are used for this case 
also, then the result will be as shown in the Figure ٦.٥:- 
 
 

Direction of flow

Sedimentation 

Erosion 

 
Figure  ٦.٥: Expected ٢D morphological changes after the project implementation for river with bends 
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It is obvious in the curved river is mostly subjected to some sedimentation at the inner 
bend and erosion at the outer bend also without any project, if the river does not get the 
equilibrium situations or protections are not implemented at the banks. 
 
When the discharge in the river is below bank full discharge and as shown in the Figure 
٦.٥ the flow will be deviated and directed to the outer bend, due to the sedimentation in 
the main channel. The velocity might be higher than normal case without decreasing the 
flow area (without sedimentation in the main channel), and some erosion can be 
expected along the outer bend. 
 

٦.٣.٢ Case WP٣: Using ٦٠ days morphological study  
 
The same hydrograph as used in Section ٦.٢.٢ and shown in Figure ٦.٢ is used for this 
case, also for the purpose of determining the effect of the project on morphological 
changes by considering a real hydrograph for some longer period than other cases. The 
results are as shown in the Figure ٦.٦. 

 

 
 
Figure  ٦.٦: Cumulative erosion and sedimentation study in the main channel for ٦٠ days hydrograph. 
 
This case considered as the most relevant for the situation with project, because the 
simulation is for a longer period, and most of the peaks and discharges in the floods 
٢٠٠٣-٢٠٠٢ that have critical effect on the morphological conditions are included.  
 
٦.٤.  Comparison between the without and the with project situations 
 
In this section the results of the two different situations (without project and with 
project) are compared for determining the effect of the project on the morphological 
conditions in this affected river reach. There are morphological computations for both 

(٢١,١٤٤) 

(٢٣,١٠٩) 
(٢٣,١١٧) 
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cases for (٣٠ ,١٠ and ٦٠ days) hydrographs (see table ٦.١), but here the results of the 
sections ٦.٣.٢ ,٦.٢.٢ will be compared (٦٠ days hydrograph). This is done because the 
morphological changes were computed for a longer period of time and some part of the 
real hydrograph of ٢٠٠٣ – ٢٠٠٢ floods is used that have a critical effect. 
 
First of all in this part it is important to show the difference in floodplain topography for 
both cases (without project and with project) especially at the project location for 
figuring out what was the major cause of observed phenomena. 
 

 
 
Figure  ٦.٧: Bed topography for the without project case (interest location). 
 
 

 
 
Figure  ٦.٨: Bed topography for the with project case (interest location). 
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From Figure ٦.٧ it can be seen that the floodplain at the inner bend of the river 
(Netherlands side) there is some sort of lake. This due to projects implemented in this 
area previous to ١٩٩٨. 
 
Figure ٦.٨ shows the same location but with the bed topography at end ٢٠٠١ due to  the 
project implementation the floodplain topography seems to be much lower than the in 
١٩٩٨ in some part of the floodplain and higher in some other parts. This difference 
could be determined by subtracting bed topography (١٩٩٨) from (٢٠٠١), and the result 
is shown in Figure ٦.٩. 
 

 
 
Figure  ٦.٩: Difference of bed topography for with project and without project cases (interest location). 
 
It can be seen easily from the Figure ٦.٩ that there are major differences between the 
input data of the model. If we look to the darker blue at the beginning of the bend 
present that the bed topography of ٢٠٠١ is almost ٥m lower than that of ١٩٩٨ at this 
area, and for some other parts is higher. 
 
This lowering of the floodplain close to the main channel will affect the whole flow 
pattern in the river, because more water will be directed to the floodplain, and the 
velocity in the main channel will decrease, and as a consequence the sedimentation will 
take place at this area. But at the downstream of the bend when the water is returning to 
the main channel (from the floodplain), it will increase the velocity at that area and as a 
consequences erosion will take place. These phenomena can be noted in the Figure ٦.٦, 
for the case of the with project situation. 
Also it is important to closely to the area near to the sedimentation and erosion in the 
main channel, especially at the outer bend, to have an idea about the erosion taken place 
at that location. 
 
As explained before, when the sedimentation will take place in the main channel, during 
low flow condition (discharge lower than bank full discharge) the outer bend will be 
more subjected to erosion because the flow is directed to the bank (see Figure ٦.٥). 
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In Figure ٦.١٠ the velocity vectors are shown for the area of the main channel and some 
bank lines on both sides, and it is not easy to recognize the part of flow that attack the 
downstream bank (Belgium bank). For that reason the reach of interest is zoomed as 
shown in Figure ٦.١١, and there it can be noted that there are some part of the flow 
directed to the outer bend and crosses the bank lines, which mostly cause some bank 
erosion at that location. The Figures ٦.١٠ and& ٦.١١ are taken for discharge around ٥٠٠ 
m٣/s, which is considered as a below bank full discharge level. 
 
In Figure ٦.١٢ it is easy to note that there is some erosion for both situations with and 
without the project. But for the situation of without the project (dashed line) the erosion 
is very small and it can neglect. Whereas, for the situation with project the erosion is 
much more, mostly due to the reasons mentioned before and this prove the flow pattern 
in the Figures ٦.١٠ and ٦.١١ shown above. 
 

 
 
Figure  ٦.١٠: Velocity vector for the situation of with project for the case ٦.٣.٣. 
 
 

 
 
Figure  ٦.١١: Velocity vector for the situation of with project for the case ٦.٣.٣(zoomed area). 
 
It is important now to take a close look of cumulative erosion and sedimentation of this 
specific location, for determining either erosion took place or not. 
 
 
 

Example: point 
(١٩,١٢٠) 

Erosion at 
outer bend 

Project Area
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Figure  ٦.١٢: Cumulative erosion and sedimentation at outer bend (Belgium bank) for a point (١٩,١٢٠). 
 
Now some more detailed comparisons between the two situations will be made for some 
locations that are specified in the explanatory Figures that will be attached to each 
figure to give an idea about the locations of these points in the river. 
 
In Figure ٦.٨ three points were indicated in reaches of the main channel of the river 
were phenomena of interest can be observed. The first point is upstream of the project 
where erosion takes place (٢٣,١٠٩), the second point at the location of the project where 
sedimentation takes place (٢٣,١١٧), and the last point is at downstream of the project 
where the water flows back to the river main channel and erosion takes place (٢١,١٤٤). 
The results are shown in the Figures ٦.١٣a – ٦.١٥b. 
 
 

Project Area
Example: point 
(٢٣,١٠٩) 

Erosion at upstream 
of project inside of 
the main channel 

 
 
Figure ٦.١٣a: Explanatory figure showing the location of the point (٢٣,١٠٩). 
 
 
 
 

(١٩,١٢٠) 
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Figure  ٦.١٣b: Cumulative erosion and sedimentation at upstream of the project at point (٢٣,١٠٩). 
 
 

Example: point 
(٢٣,١١٧) 

Project Area

sedimentation 
at inner bend 

 
 
Figure ٦.١٤a: Explanatory figure showing the location of the point (٢٣,١١٧). 
 
 

 
 
Figure  ٦.١٤b: Cumulative erosion and sedimentation location of the project at point (٢٣,١١٧). 

(٢٣,١٠٩) 

(٢٣,١١٧)
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Example: point 
(٢١,١٤٤) 

Project Area

Erosion at downstream 
of project inside of the 
main channel 

 
 

Figure ٦.١٥a: Explanatory figure showing the location of the point (٢١,١٤٤). 
 
 
 

 
 
Figure  ٦.١٥b: Cumulative erosion and sedimentation downstream of the project at point (٢١,١٤٤). 
 
 
 
In the Figures ٦.١٣ through ٦.١٥ the differences between the situations with and without 
the project can be noted easily in term of cumulative erosion and sedimentation. The 
dashed red lines represent without project situations and the solid blue lines are used for 
with project situation. If we look to these Figures we can conclude that the project has 
large effect on the phenomena happen in that area, but also the sedimentation and 
erosion for the without project situation is not negligible.  
 

(٢١,١٤٤) 
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In order to understand these results of sedimentation and erosions presented above, 
some additional comparison will be made for other parameters like bed levels, water 
levels, flow velocities, and bed shear stresses for both with and without project 
situations.  
The main channel of the river mostly subjected to all changes, and according to our 
schematization of the river (that we defined to the model), the model is consist of five 
grid cells, and its not relevant to present the result for each individual grid lines. For that 
reason an average value over the cross-section of the river will be given. As shown in 
the Figures ٦.١٦٤ through ٦.٢٠. 
 
 

 
 
Figure  ٦.١٦a: Width averaged bed level along longitudinal profile of the river at the end of 
simulation ٣( ٥٠٠ / )Q m s≈  (zero value is located at km ٢٤.٥ of the river). 
 

 
 

Figure ٦.١٦b: Width averaged bed level along longitudinal profile of the river at peak flow condition 
٣( ٢٨٠٠ / )Q m s≈ (zero value is located at km ٢٤.٥ of the river). 
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Figure  ٦.١٧a: Width averaged water level along longitudinal profile of the river at the end of simulation 

٣( ٥٠٠ / )Q m s≈ (zero value is located at km ٢٤.٥ of the river). 
 

 
 
Figure ٦.١٧b: Width averaged water level along longitudinal profile of the river at peak flow condition 

٣( ٢٨٠٠ / )Q m s≈ (zero value is located at km ٢٤.٥ of the river). 

 
 
Figure  ٦.١٨a: Width averaged water depth along longitudinal profile of the river at the end of simulation 

٣( ٥٠٠ / )Q m s≈ (zero value is located at km ٢٤.٥ of the river). 
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Figure ٦.١٨b: Width averaged water depth along longitudinal profile of the river at peak flow condition 

٣( ٢٨٠٠ / )Q m s≈ (zero value is located at km ٢٤.٥ of the river). 
 

 
 
Figure  ٦.١٩a: Width averaged velocity along longitudinal profile of the river at the end of simulation 

٣( ٥٠٠ / )Q m s≈ (zero value is located at km ٢٤.٥ of the river). 
 

 
Figure ٦.١٩b: Width averaged velocity along longitudinal profile of the river at peak flow condition 

٣( ٢٨٠٠ / )Q m s≈ (zero value is located at km ٢٤.٥ of the river). 
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Figure  ٦.٢٠a: Width averaged bed shear stress along longitudinal profile of the river at the end of 
simulation ٣( ٥٠٠ / )Q m s≈ (zero value is located at km ٢٤.٥ of the river). 
  

 
 

Figure ٦.٢٠b: Width averaged bed shear stress along longitudinal profile of the river at peak flow 
condition ٣( ٢٨٠٠ / )Q m s≈ (zero value is located at km ٢٤.٥ of the river). 
 
From these Figures ٦.١٦a through ٦.٢٠b the difference the between situation with and 
without the project for different important parameters are presented, while the average 
of them is computed throughout the river width for different discharge conditions. 
 
It is clear from the Figures that the pattern of sedimentation and erosion is reasonable, 
because for example at the location of sedimentation the velocities and the bed shear 
stresses are reduces in the case of the with project situation and vice versa for the 
location of erosion. However the exact differences are not presented due to the average 
value, because these parameters for both situations are different for each grid lines of 
the schematization and when the width average values are taken, some differences will 
adjust themselves with the neighbouring grid lines.  
 
For that it is better to look in detail to some individual points also for some parameters 
such as bed shear stress as shown in the Figures ٦.٢٦ – ٦.٢١. 
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The situation in the Figure ٦.١٧b might be due temporal dumping of the excavated soil 
near to the project location. The dumped soil leads in raising the water level in the river 
and it hides the effect of the project locally. In reality the situation is somewhat different 
and the consequences can be seen easily in the Pilot Project Meers. 
    
Figures ٦.٢١ and ٦.٢٢ are presenting the bed shear stresses for the cases with and 
without project situation along the main channel including on grid lines of the banks in 
both sides. 
 
Some differences can be noted in the magnitude of the bed shear stresses, but not very 
clear for that reason we will look to the points indicated on Figure ٦.٢٢. The location of 
these points can be observed from the previous explanatory Figures that attached to the 
cumulative erosion and sedimentation in the river (see Figures ٦.١٤ ,٦.١٣ ,٦.١٠, and 
٦.١٥).   
There is large variation in bed shear stress, in some location it reaches to around 
١٠٠N/m٢ (red parts).  
 
According to Shields, the Shields parameter θ is given by: 
 

. .
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where crθ  is critical dimensionless particle mobility parameter, h  is the water depth (m), 

i  is the bed slope, ١sρ
ρ

⎛ ⎞
∆ = −⎜ ⎟

⎝ ⎠
, and crD  is the critical particle diameter (m). 

 
Assume that ٠.٠٣,  water depth ١١ ,  bed slope ٠.٠٠٠٤٥, and finally ١.٦٥.cr h m iθ ≈ ≈ ≈ ∆ ≈
Then the mean particle diameter that can be moved by this flow can be determined as 
follows: 
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From this result we can conclude that the sediment particle smaller than ١٠٠ mm will be 
transported during some period of the flood and in some specific locations where the 
larger amount of shear stresses are induced by the flow. Whereas, the particle sizes 
larger than ١٠٠ mm mostly remain stable during such floods. According to the Figure 
٣.١٠ there are no particles in the bed larger than ١٠٠ mm. This implies that during the 
peak of the ٢٠٠٣-٢٠٠٢ floods at some locations all the bed materials was in movement. 
The project has caused a substantial increase of the bed shear stresses and hence 
substantially mobilized the bed material of the Meuse River. 
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Figure  ٦.٢١: Bed shear stress along the river (Without project). 
 

 
 
Figure  ٦.٢٢: Bed shear stress along the river (With project). 
 

(٢٣,١٠٩) 

(١٩,١٢٠) 

(٢١,١٤٤) 

(٢٣,١١٧) 
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Figure  ٦.٢٣: Time varying bed shear stress at specific point (٢٣,١٠٩) in the river for both of (with project) 
and (without project) cases. 
 

 

 
 
Figure  ٦.٢٤: Time varying bed shear stress at specific point (٢٣,١١٧) in the river for both of (with project) 
and (without project) cases. 
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Figure  ٦.٢٥: Time varying bed shear stress at specific point (١٩,١٢٠) in the river for both of (with project) 
and (without project) cases. 
 
 

 
 
Figure  ٦.٢٦: Time varying bed shear stress at specific point (٢١,١٤٤) in the river for both of (with project) 
and (without project) cases. 
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In the Figures ٦.٢٣ through ٦.٢٦, the dashed red lines represent the time varying bed 
shear stresses for the without project situation and the solid blue lines for with project 
situations. The locations of the different points can be noted from the explanatory 
Figures different points upstream, at location and downstream of excavation 
respectively for with project and the blue lines are the same for without project situation. 
From Figure ٦.٢٣, which is the point upstream of excavation (see Figure ٦.٢٢), the bed 
shear stress for with project is almost same as of without project, while the bed shear 
stress for without project case is much higher at location of excavation than with project 
(see Figure ٦.٢٤). Figure ٦.٢٥ shows the bed shear stresses at the outer bend near to the 
location of erosion of Belgium bank, and it can be concluded that the erosion was due to 
the project implementation because the bed shear stress in increased in that location. 
The difference between both cases in the Figure ٦.٢٦ is very large at the point 
downstream of excavation, which probably the erosion will be more in the with project 
situation. 
 
٦.٥. Comparison between with project situation (according to 

Delft٣D simulation) and field measurements  

It is very important to compare the real situation (field measurements) with the 
simulation results with Delft٣D, because the ability of the model can be tested in 
simulating the complex phenomena of morphological condition with graded sediment in 
a bends like Meers of the Meuse River with armoured bed which make the situation 
more complex, and it can be decided whether or not the above results obtained for both 
cases is reliable, especially when its important to determining the effect of the project 
on that location. 

The final results of Delft٣D of the morphological simulation studied in section ٦.٣.٢ 
which was the case of studying ٦٠ days morphology will be compared with the field 
measurements obtained from the input file of the WAQUA model for ٢٠٠٣ – ٢٠٠٢ 
schematization as shown in Figures ٦.٢٧ and ٦.٢٨. 
From these two Figures it is not easy to decide whether the Delft٣D model is good 
enough or not, because it is difficult to recognize the differences between the existing 
situation (WAQUA input file Figure ٦.٢٧ and the reproduced situation by Delft٣D 
package Figure ٦.٢٨. For more detail it is better to zoom in the interested area 
(excavation area that indicated above) and then compare different bed topographies, as 
shown in Figure ٦.٢٩. Figures ٦.٣٠ and ٦.٣١ are shows the relative difference between 
the cases with and without the project for both field measurements and Delft٣D 
simulation results, respectively. The differences between the result of Delft٣D and the 
existing situation are more clear in the Figure ٦.٣٢, it can be noted that they are not 
identical the pattern are mostly the same in the main channel and most parts of the flood 
plain. Most of the differences between the floodplains return to that the floodplain of 
field measurements ٢٠٠٣ – ٢٠٠٢ is combined with the main channel ١٩٩٨ and used as 
input file to Delft٣D and after the computation with the model some changes happen in 
the floodplain caused by sedimentation and erosion.  
For more accurate results it is important to use the exact field situation of ٢٠٠١ after the 
implementation of the project and before the flood of ٢٠٠٣ – ٢٠٠٢. Also in these 
computations all morphological changes between ١٩٩٨ till ٢٠٠١ are neglected because 
of non availability of data in that period. 
The differences could not be neglected if a quantitative or precise results were necessary, 
but also they are not significant, while a qualitative results are important, and it can be 
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said its good for having a first idea about the phenomena that taken place in that 
location. 

 
 
Figure  ٦.٢٧: Bed topography of the river reach from field measurements (WAQUA model input file). 
 

 
Figure  ٦.٢٨: Bed topography of the river reaches (Delft٣D result of ٦٠ days morphological time). 
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Figure  ٦.٢٩: Bed topography of the river reaches for both Delft٣D result and field measurements. 
 
 

 
 
Figure  ٦.٣٠: Bed level difference between ١٩٩٨(before the project) and ٢٠٠٣ (after the flood) from field 
measurements. 
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Figure  ٦.٣١: Bed level difference between ١٩٩٨(before the project) and ٢٠٠٣ (after the flood) Delft٣D 
simulations (cases WOP٣ and WP٣). 
 
 

 
 
Figure  ٦.٣٢: Difference between bed level of the river reaches for both Delft٣D result and field 
measurements. 
 
Figure ٦.٣٢ shows the difference between the bed topography after the flood resulting 
from computations with Delft٣D and the field measurements, and if we note to the 
Figure we can see easily some differences which mostly caused by the reasons 
mentioned above and also some uncertainty of the model, because all required 
calibrations and verification tests were not done for the model. 
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٦.٦.  Bed material sorting  
 
Bed material sorting is one of the important result that it can be showed in the numerical 
computations, but unfortunately there are not any data to compare with the results 
which obtained from the model, and the Figures which are shown below, are not 
represent the exact sorting in the reality but they are interpretations of the model. 
It was not possible (at this time) to collect the sorting of all sediment fractions that 
inputted to the model in vertical direction, but the percentage of each fraction can be 
shown for each layers (top layer, sub-layer ١ and sub-layer ٢) for the case with project 
at the end of the simulation as shown in the figures ٦.٣٣a-٦.٣٣e. 
 

 

 
 
 
 

 
 
 

Figure ٦.٣٣a: Percentage of fraction ١ (٠.٢mm – ٣mm) 
in the longitudinal section of the river. 

Figure ٦.٣٣b: Percentage of fraction ٢ (٣mm – ٨mm) in 
the longitudinal section of the river. 

Figure ٦.٣٣c: Percentage of fraction ٣ (٨mm – ٢٢mm) in 
the longitudinal section of the river. 

Figure ٦.٣٣d: Percentage of fraction ٤ (٢٢mm – ٤٢mm) 
in the longitudinal section of the river 
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Figure  ٦.٣٣e: Percentage of fraction ٥ (٤٢mm – ١١٠mm) in the longitudinal section of the river. 
 
The sorting of material in the longitudinal direction of the river is shown in the Figures 
above almost at centre of the river, it will not be relevant to show Figures for all 
longitudinal and transverse cross-sections of the river. 
The horizontal sorting of bed material can be determined as the arithmetic mean of the 
transport layer (active layer), as shown in the Figure ٦.٣٢ and ٦.٣٣ for the cases with 
and without project, respectively. 
   

 
 
Figure  ٦.٣٤: Arithmetic mean of bed material (transport layer) for the main channel and banks of the 
river for with project situation. 
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Figure  ٦.٣٥: Arithmetic mean of bed material (transport layer) for the main channel and banks of the 
river for without project situation. 
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٧. Discussion 

٧.١. General 
 

This thesis addresses the morphological processes in the Meuse River near the Pilot 
Project Meers during ٢٠٠٣ – ٢٠٠٢ floods. The main purpose of the study was to 
reproduce the phenomena observed during and after these floods by applying numerical 
modelling (software package Delft٣D Graded), for determining the ability of the 
software in designing floodplain lowering along Common Meuse. In addition, and only 
if time allowed, it was intended to investigate preventive and/or remedial measures. 
 
The Common Meuse River is characterised by complex morphological phenomena due 
to the extreme gradation of the bed material and bed armouring in combination with 
sharp bends creating strong ٢D effects.  Sometimes it is not easy to figure out what are 
the possible effects of any project or measures in the river and/or in the floodplain close 
to the main channel by simple calculations using some sort of empirical relations. Then 
it is important to go one step further by using numerical or scale models. 
 
As mentioned above in this thesis Delft٣D was used for reproducing the existing 
situation (qualitatively) in the Meuse River at Meers, which caused after implementing  
the Pilot Project Meers in the floodplain area near to the main channel (floodplain 
lowering) as a part of the re-naturalization of the Common Meuse (in combination with 
flood control and sediment mining). 
 
The methodology adopted in this thesis was simulating the situations with and without 
the project and later comparing the results for determining the effect of the project 
implemented at this specific location.   Next to compare the results of the case with the 
project with the situation in the river after the floods for investigating the performance 
of the model. 
 
In this Chapter the results which were presented in Chapter ٦ are discussed in some 
detail. In addition some more general issues related to this project are raised. The 
following aspects are included in the discussion: 
• model setup 
• Comparison between uniform and graded sediment simulations 
• model calibration and verification 
• impact of the Pilot Project Meers 
• comparison of results of simulations with field observations 
• Proposed future data collection 
• preventive and remedial measures 
• Future study 
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٧.٢. Model setup 
 
In developing the model setup a number of steps have to be taken which have a direct 
effect on the results. Therefore is very important to study the effect of each of them 
carefully before using them. This holds for items like the grid generation, the selection 
of the time steps and initial and boundary conditions. 
 
In this study the grid generation was not an easy task at all, because the area of interest 
consists of two sharp consecutive bends with opposite curvature which limited the 
possibility to refine the grids, when taking into consideration some important 
parameters in this respect like orthognality and smoothness of the grid cells. The grid 
generation has a direct effect on the stability of the computations and on the accuracy of 
the results.  However, refining the grids too much needs more computational time. 
Computational time was also critical in this particular study. Whereas coarsening them 
leads to less accurate results, because if there will be some changes in a small area of 
the model either its effect will not be apparent or it will be overestimated by taking 
larger area within the model. 
 
The time step usually affects the computational stability of the model, and it has to be 
checked carefully in order to get reasonable results. Time steps can be checked 
according to the Courant number and it first should be tested for hydrodynamic 
condition. As shown in Chapter ٤, the hydrodynamic restriction is that the Courant 
number should be smaller than ١٠. The size of grid cells has a large effect on the 
Courant number and time step, but sometimes (like in this research) the minimum grid 
dimensions are located far from the area of interest which allowed us to increase the 
time step and to reduce the overall computational time of the different simulations. 
 
Initial conditions should be treated very carefully, because they consist of different 
items which affect the result of the model in different ways, such as the initial bed 
topography and the roughness. In this type of steep gravel-bed river it is important to 
include the armouring phenomena and bed composition in the initial condition, if 
possible.  In principle the model should initially run for some time allow for armour 
development. The simulations of the morphological phenomena without and with the 
project could then have been done by using the output of initial computation as an input 
file of next ones. This however requires a user which is intimately familiar with the 
model. It is not easy for new users of the model, and this approach was not adopted in 
this study, mostly due to time limitations. 
 
Also the applied boundary conditions might have a large effect on the overall results 
obtained from the model, because in this part of the model setup some important 
elements will defined, such as the upstream and downstream boundary conditions. 
Under this study some sensitivity analysis was carried out regarding the upstream 
boundary conditions (see Appendix A٥) and from the results it could be concluded that 
the inflow hydrograph has a large effect on the model outcomes. Hence it should be 
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selected carefully according to the requirements, especially in the case of studying the 
design alternatives for floodplain lowering. 
 
٧.٣. Comparison between uniform and graded sediment simulations 
 
It is important to study the behaviour of both uniform and graded sediment with 
Delft٣D and their effect on morphological condition of the river. For that reason we will 
compare the case of WOP١ (without project for ١٠ days hydrograph), with the other 
simulation using uniform sediment with D٢٦=٥٠ mm for the same hydrograph. Some of 
the results are shown in the figures ٧.١ and ٧.٢. 
 

 
 
Figure  ٧.١: Cumulative erosion and sedimentation along the longitudinal profile of the river at centre of 
the main channel (zero value is located at km ٢٤.٥ of the river). 
 
 

 
 
Figure ٧.٢: Cumulative erosion and sedimentation at outer bend (Belgium bank) for a point (١٨,١٢٠). 
 
It can be easily concluded from the above results that there are large differences 
between the results of graded and uniform sediment; the quantities are much larger for 
the case of using uniform sediment in the river. Then it is important and more logic to 
focus on graded sediment in the Common Meuse because it is the major character of 
this river reach. 

Project Area

Erosion at 
outer bend 

Example: point 
(١٨,١٢٠) 
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The overall computational time needed for the case of uniform sediment is almost one 
third compared with the computational time for graded sediment.  
 
 
٧.٤. Model calibration and verification:  
 
Calibration and verification of the numerical model can be considered as the key factor 
determining the accuracy of the model, because in this phase the model behaviour can 
be studied in a comprehensive way.  The accuracy of the results can be controlled by 
varying the value of some important parameters and by studying the sensitivity of the 
model for each parameter for obtaining a proper choice for these parameters when using 
the model. 
 
An ideal model needs different kinds of calibration tests, starting from an assessment of 
the flow condition, continuing with calibrating the transport formula, and finally ending 
up by calibrating some important parameters that have direct effect on morphological 
conditions. 
 
Calibrating the flow is generally done by calibrating the roughness of the main channel 
and the floodplain together. This can be done in a straightforward but not correct and 
accurate way by specifying a constant value for the roughness coefficient for both the 
main channel and the floodplain. A more accurate calibration of the roughness 
coefficient can be applied to the model by defining different values for the roughness of 
each grid cell within the model, but the preparation of such a roughness file needs 
substantially more time. Moreover it requires a detailed insight in the flow field during 
different stages and usually such detailed information is not available.  
 
Every transport formula contains some parameters that have a direct effect on the results. 
A Meyer-Peter & Müller (MPM) type of formula is used in this specific study, because 
the objective of the model was focused on bed material load and graded sediments. The 
first parameter to be selected in a MPM type of sediment transport predictor is the 
overall calibration factor (TRF). With this factor the transport rates can be controlled 
between the measured and the computed ones. This factor will directly affect the 
sediment transport magnitude. This has one-to-one effect on the time-scale of 
morphological development. The second parameter is the ripple factor ( )µ  which 
represents the percentage of the total shear stress that due to the particle roughness. The 
other contribution to the roughness is caused by the bed forms (dunes). The relative 
contribution of the particle roughness to the total roughness decreases as the dunes 
become larger. A smaller ripple factor will lead to less sediment transport and smaller 
morphological changes. The third and last parameter is the critical Shields 
parameter crθ which determines the hydraulic conditions at which sediment is entrained. 
A lower critical Shields value will increase the total sediment transport. 
 
It is important to mention here that for the Common Meuse only the calibration of TRF 
was done, because the others two coefficients are less suitable to vary: the critical 
Shields parameter crθ  is an experimentally determined value and the ripple factor µ  
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should not be of any influence in the Common Meuse because of the supposed lack of 
dunes in this river reach. 
 
In principle also a calibration of morphological parameters should be carried out and the 
value of the different parameters (e.g. for the value of A which determines the lateral 
slope) should be selected. Another parameter to determine is the active layer thickness.  
This parameter influences the rate at which the composition of the transport layer 
adjusts to the conditions in the river. Therefore, it also influences the rate at which 
morphological changes move further downstream. A thin layer will be able to coarsen 
much faster than a thick layer. This difference in time influences the magnitude of the 
morphological effects, and some other parameters. Another important parameter to fix 
is the morphological time scale factor (MORFAC), which speeds up the morphological 
changes. 
 
 
In this particular study a full calibration was not done due to a combination of 
limitations in the availability time and in adequate data. But some exploring tests were 
done for some parameters as is explained hereafter. 
 
A rough calibration was made for Chézy coefficient for the main channel (see section 
٥.٢ for more detail). In this calibration the Chézy coefficient for the main channel is 
changed from ٤٥ m١/٢/s to ٤٧ m١/٢/s, while a value of ٣٦ m١/٢/s was applied for the 
floodplain. Changing the roughness of the main channel has a significant effect on the 
water levels in the main channel which lowered about ٠.٥ m at peak flow condition The 
problem is however that no measurements were available for  a complete calibration.  
Therefore the results were compared with the results of WAQUA flow model, and in 
the end ٤٥ m١/٢/s for main channel and ٣٦ m١/٢/s for floodplain were selected. 
 
As mentioned before a MPM type of sediment transport formula was used in this study. 
Earlier some calibration tests were made before for Meuse River by WL/Delft 
Hydraulics), the MPM predictor was found to be the best for our conditions with the 
overall calibration factor (TRF) of ٠.٥, because it was realized that this formula (but 
with TRF = ١, no correction) gives twice higher sediment transport rates than observed 
with measurements. 
 
Some sensitivity analysis was carried out to select the morphological time scale factor 
using different values for this factor (٤ ,١, and ٨); although according to the Delft٣D 
manual the maximum value of this factor can be as high as about ١٠٠٠. But this was not 
the case in this study, because significant differences were noted when using MORFAC 
= ٨. This is mostly due to the fact that while the inflow hydrograph is squeezed, it 
affects the hydrodynamic condition of the model (a distorted hydrodynamic condition) 
and the interpretation of this effect is not easy. Also when MORFAC = ٤ is used some 
small differences were noted, and they are mostly caused by speeding up the 
morphological changes. The changes in the case of using factor ٤ were not significant 
but they are not negligible either when quantitative results are expected from the model. 
As mentioned several times before in this study in particular qualitative results were 
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required rather than quantitative ones. Moreover the collection of data required for the 
model took more time than expected which limited the time available for the actual 
simulations. So it became a matter of balancing some inaccuracy of the results versus 
the computational time of the simulations. Finally MORFAC = ٤ was used. 
 
Appendix (A٧) is an example of an input file for the model and the value of the 
different parameters is specified in this file.  
  
٧.٥. Impact of the Pilot Project Meers 
 
In Chapter ٦ most of the results are presented for the two situations considered notably 
the case with and the case without the project.  Comparisons were made of the 
morphological changes (results presented in the Sections ٦.٣.٢ & ٦.٢.٢) using the 
results of ٦٠ days hydrograph. First the comparison was made between the cases with 
and without the project (for more detail see Section ٦.٤), and as shown in the Figures 
(٦.١٠ through ٦.٢٦) there are indeed some differences between the situations with and 
without the project. These differences are small in some area and large in the others. 
 
In the without project situation there are some morphological changes which were 
unexpected, but the major cause for that is that in this model the composition of the bed  
was not varied spatially. The likely variation could not be introduced, because no 
information on armour layers in the river bed was available and hence this could not be 
defined as an initial condition of the model. Also the model does not have enough time 
to develop this armour layer because of the restriction in time for the simulations.   
 
From the above explanation we can conclude that probably the differences between the 
cases with and without project situation results from the model is underestimated in 
some parts of the river. If all required information and sufficient time had been available, 
these differences could have been much large due to reduction in changes for the 
without project situation. 
 
Nevertheless still some significant effects of the project on the river morphology can be 
noted from the results. These effects if some measures had been implemented before the 
project, such as a protection of the river bed upstream of the project and at the location 
where the water flows back to the river to reduce erosion. By reducing erosion at 
upstream of the project the sedimentation at the inner bend near to the project area could 
have been reduced. 
 
 
٧.٦. Comparison of results of simulations with field observations  

 
It is important to test how good the model is able to simulate the actual conditions in the 
field. For that purpose a comparison between the outcome of Delft٣D and the field 
measurements (determined from the WAQUA model input file implemented after the 
flood occurrence) was made (see Section ٦.٥). In this comparison it can be noted that 
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although the results are not identical, they are quite close to each other as far as the 
pattern is concerned. That it can be easily judge the model for qualitative results. 
 
The major cause of these differences between Delft٣D results and the observed 
morphological changes can be brought back to the fact that the floodplain area 
determined by field measurements after the flood ٢٠٠٣ - ٢٠٠٢ in combination with the 
main channel configuration of ١٩٩٨ was used as input file for the model to represent the 
case after the project and before the flood, because the bed topography data for the case 
after the project and before the flood was not available. But in reality probably both the 
floodplain and the main channel are not completely alike the ones used. There are large 
uncertainties in this choice, because in the input file the morphological changes between 
١٩٩٨ till ٢٠٠١ are neglected in the main channel while there are some floods peaks 
reaching to more than ٢٠٠٠ m٣/s in that period (see appendix A٨). Also the floodplain 
used is in fact corresponding to the conditions after the flood. This means that some 
sedimentation is already included before the simulation with the model was started. Any 
other sedimentation in that area will be appearing as a change between the result of the 
model and the field measurements bed topography.  
 
The bed material sorting is one of the more interesting results form the simulations with 
the model. There are some Figures presented in Section ٦.٦ representing the vertical 
sorting for different sediment fraction in the different layers defined in the model. 
Moreover some other Figures shows the horizontal distribution of D٥٠ of the transport 
layer. Unfortunately however in the case of vertical sorting it was not possible to 
combine all fractions together, because this option is not implemented yet in the 
Delft٣D quick plot. Furthermore there were no field data to compare with these results. 
Finally it can be said these results are just the interpretation of the model for bed 
material sorting.   
 
Some others sensitivity analysis was carried out for studying the effect of inflowing 
hydrograph which mostly important for the case of studying alternative design cases for 
future flood plain lowering. It can be noted form the result which are shown in 
Appendix A٥ that the inflow hydrograph has a significant effect on the morphological 
changes, and some careful decisions are required for selecting what type of hydrograph 
should be implemented in the model for studying the effect of the future design of 
floodplain lowering. 
 
 
٧.٧. Proposed future data collection 
 
In order to prepare a good model it is important here to hit the data which are necessary 
to be available for the purpose of setup, calibration, verification and comparing the 
model with the real situation. An overview of these data is shown in table ٧.١.   
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Situation Data to be collected 
Before the flood ١. Bed topography 

٢. Bed and bank material compositions, preferable to have 
some boreholes for investigating the soil layers. 

٣. Thickness of armour layer (in gravel bed rivers). 
٤. Roughness coefficient and information on vegetation in 

the floodplain area. 
٥. Location of protection works implemented (if before 

also) in the selected reach. 
٦. Other discharges inter to the selected river reach. 

After the flood ١. Bed topography, considering natural morphological 
changes and human interventions 

٢. Information on vertical and horizontal sorting. 
٣. Sediment rating curve. 

During flood ١. Sediment transport measurement inside the river reach 
and also from upstream. 

٢. Water level close and inside the interested area. 
٣. Time varying morphological changes, (for indicating the 

effect of each individual discharge on morphology). 
 
Table  ٧.١: Necessary data to be collected for the study at different time intervals 
 
 
 
٧.٨. Preventive and remedial measures 
 
Based on the understanding of the cause of the problems experienced during and after 
the floods in ٢٠٠٣-٢٠٠٢, it is possible to propose some preventive and/or remedial 
measures.  These measures are listed in the below Table ٧.١, together with an indication 
of their working principle and advantages and/or disadvantages. 
 
Possible preventive or 

remedial measures 
Working 
principle Advantage Disadvantage 

Bed protection of 
channel upstream of 
Pilot Project 

Eliminate erosion 
of the bed, thus 
causing that less 
or no sediment is 
available 
downstream and 
hence no bar can 
be formed 
downstream 

Permanent solution (١) Creation of a 
hard point in the 
river 
(٢) Reduced 
sediment 
dynamics, loss of 
ecological values 

Reduction of inflow into 
Pilot Project Meers area 
via guide wall on right 
bank 

Reduce reduction 
of transport 
capacity in main 
channel due to 
smaller flow 
through the 
floodplain 

(١) Reduced 
sedimentation and 
hence smaller bar in 
inner bend 
(٢) Substantial 
sediment dynamics 
in the river 

(١) Reduced flow 
towards the Pilot 
Project: loss of 
ecological values? 

Bank protection works Prevent that the Permanent solution, None? 
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along Belgian border, 
preferably in form of 
revetment and falling 
apron 

Belgian bank will 
be undermined 

which still allows 
for some flexibility 

Excavation or dredging 
of bar along inner bank 
after major floods and 
dumping of spoil along 
Belgian bank   

Removal of bar 
and use of spoil on 
the other side 
moves the current 
during lower 
flows away from 
the Belgian bank 

Substantial 
sediment dynamics 
in the river 

Has to be done 
regularly; needs 
attention 

 
Table  ٧.٢: Possible preventive and/or remedial measures for the Pilot Project Meers 
 
 
٧.٩. Future studies 
 
Due to the necessity of collecting and improving our knowledge about the phenomena 
and the problems in the in the Pilot Project Meers, in futures there are several studies 
are important such as: 
 

• Studying the implementation of the measures and comparing the with the field 
measurements. 

• Studying morphological changes for longer period of time. 
• Studying design alternatives for the Pilot Project Meers and expanding them to 

the other locations along Common Meuse. 
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٨. Conclusions and Recommendations 

٨.١. Conclusions 
 
In the present study it was attempted to simulate the morphological changes in the 
Meuse River due the Pilot Project Meers during a number of floods in the period ٢٠٠٢-
٢٠٠٣. The simulations were carried out with the modelling package Delft٣D Graded, 
which implies that ٢D flow, but including spiral flow via a quasi-٣D approach, and ٢D 
morphological phenomena could be simulated, whereas also sorting (vertically and in 
longitudinal and lateral direction) is included in the model. Based on the present study a 
number of conclusions can be drawn.  
 
 
On the morphological changes in the Meuse River near Meers 
 

• The simulations with a real ٦٠-days hydrograph confirm the observations in the 
field after the ٢٠٠٣-٢٠٠٢ floods (including the emergence of a bar on the inner 
bank near the Pilot Project, the erosion in the outer bend and the deep scour 
where the flow over the floodplain enters again into the channel again). 

• Hence, the overall results of the model can be considered as reasonable to good 
when related to the requirements of the study, where in particular qualitative 
results were required. 

• Some of the differences between the model simulations and the conditions in 
the field after the ٢٠٠٣-٢٠٠٢ floods might be explained by the procedure used 
for obtaining representative input data for the model. Especially for the case 
with the project exact data after the project implementation and before the flood 
were not available. In this case a combination between the main channel of 
١٩٩٨ WAQUA schematization and the floodplain configuration of ٢٠٠٣ was 
made, thus ignoring all morphological changes between ١٩٩٨ till ٢٠٠١. This 
might have had some effects on the results.   

• Another reason for differences might be the fact that probably the simulation 
without the project was not corresponding to an equilibrium condition. As a 
consequence morphological changes are a combination of the effect of the non-
equilibrium initial conditions and the effect of the Pilot Project. The applied 
method of subtracting the without case from the case of with project case is 
formally only allowed when dealing with linear phenomena. Morphological 
changes, however, are notoriously non-linear.  

• Nevertheless, the present model seems to be good enough for getting a first idea 
about the consequences of projects and/or measures similar to the Pilot Project 
Meers which might be implemented along the Common Meuse River. 

• The model can also be used to test the effect of any preventive or remedial 
measures. 

 
On the modelling with Delft٣D Graded: 

• A morphological factor is introduced in the model, which allows speeding up 
the morphological simulations. The morphological factor, however, has an 
effect on the simulated morphological changes in the river, when selected too 
large. This holds especially when a hydrograph is used as upstream boundary 
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condition. Hence a careful decision on the value of the morphological factor to 
be used is required. 

• Inflow hydrograph has a large effect on the morphological changes in the river. 
For better results longer periods with realistic hydrographs should be studied. 

• Because of the absence of sufficient field data it was not possible to calibrate 
the model properly. A proper calibration should separately consider the flow 
pattern, the sediment transport and the morphological phenomena. Each of 
these processes has their own calibration coefficients. In this case without 
detailed field data these coefficients were set an optimal combination of values. 
Preferably a verification run should be carried out. 

• A better calibration might be affect the outcome of the modelling study and 
might give more accurate results. In this particular study neither the required 
data nor sufficient time was available. Consequently some of the comparisons 
were made with another model (WAQUA), which might have induced 
additional uncertainty and inaccuracy. 

 
On preventive and remedial measures 
 

• In this study preventive and remedial measures could not be explored via 
model simulations due to time limitations. However, because the cause of the 
experienced problems was identified via the simulations carried out, it is 
possible to propose preventive and/or remedial measures. 

• The emergence of a bar in the inner bend of the river can be counteracted by 
giving the river channel a better guidance between km (٣٠) and km (٣٣), 
which will limit the reduction in transport capacity. This should be balanced 
against the loss of ecological values. 

• The dimensions of the emerging bar in the inner bend near the Pilot Project 
are determined by the sediment generated in the narrow reach upstream of 
the project. Provision of a bed protection in this reach will stop the erosion 
upstream and hence prevent the emergence of the bar.  

• Dredging the bar in the inner bend and dumping the dredged spoil along the 
Belgian bank (after a flood) will reduce the erosion near the Belgian bank.  If 
selected, this method may have to be repeated after future major floods.  

• The Belgian bank, which potentially may or can be undermined, can be 
strengthened by placing additional revetments, if needed in combination with 
a falling apron. 

 
 
٨.٢. Recommendations 
 
Based on the results of the present study a number of recommendations can be 
formulated. 
 

• If the results of the present study were to be used for the design of preventive or 
remedial methods for the problems experienced along the Belgian bank, the 
model should be improved via better calibration and additional simulations 
under different conditions. 

• It might be considered to protect the location of possible erosion with particles 
which can not be moved by higher flow, in order to reduce erosion in the main 
channel and this will reduce also the sedimentation quantities. 



٢D Numerical Modelling with Graded sediment for Common Meuse at Meers 

By: Beston I. Sharef                                                               UNESCO-IHE & Delft Hydraulics ١١٥

• The results already available presently allow for the development of better 
designs of the next projects along the Meuse River.    

• Additional field data are needed, in particular data on the composition of the bed 
material (notably its composition and the thickness of transport layer), because 
these are of great importance for proper simulations and good comparisons 
between model and reality in this study area. 

• Further investigations for specifying a design case scenario for floodplain 
lowering considering different flowing hydrographs are needed, because both 
the floodplain lowering and the flow hydrographs have a significant effect on 
the morphological phenomena  in the river. 

• The necessary calibration tests should be done for the model and the updating 
the calibration parameters should be carried out before using the model for 
designs. Moreover the model results should be compared with actual field 
measurements. 

• Sediment transport rates computed in the present simulations should be 
compared with sediment transport measurements by Duizendstra et al (١٩٩٧) 

• In this study no attention was paid to the forming of two cut-off channels 
downstream of the project area as occurred during the ٢٠٠٣-٢٠٠٢ floods. It is 
recommended to make a separate study into the occurrence of these channels to 
arrive at guidelines for the minimum distance between deeper lakes and the main 
channel. 

• It could be considered to verify Delft٣D Graded on the basis of the physical 
model of a part of the Common Meuse River, which was operated at WL/Delft 
Hydraulics in the period ١٩٩٦-١٩٩٤. 

• Some ٣D computation should be made for determining the accuracy of ٢D 
modelling applied in this study, and for identifying the major deficits of the ٢D 
model. 

• Some morphological simulations should be done for longer duration also to 
study sediment transport phenomena in the Meuse River during and after floods. 

• It might be considered to implement an exchange layer in Delft٣D package, and 
doing some simulations with and without this layer to identifying the effect of it 
on the long and/or short term morphological study. 

• Sediment transport should be measured near to the project area in order to better 
calibrating the model with more reliable data and gives more reasonable results,  

• Preparing and including all necessary information in to the model such as (real 
roughness map, effect of ground water, all geometric features in the floodplain, 
additional discharged that enter to the river in different locations, which might 
have some effect on the results. 
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Appendix A١ 
 
 
Case WOP١: Using ١٠ days hydrograph 
 
In this simulation we looked to the short term morphological changes due to the peak 
flow of ٢٠٠٣-٢٠٠٢ floods. The used hydrograph is shown in Figure A١.١, and the 
results of this simulation are shown in Figures A١.٢ and A١.٣, which represent the 
cumulative erosion and sedimentation in the study area. 
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Figure A١.١: Squeezed hydrograph of ٢٠٠٣-٢٠٠٢ floods by factor ٤. 
 

 
Figure A١.٢: Cumulative erosion and sedimentation for ١٠ days morphological study. 



٢D Numerical Modelling with Graded sediment for Common Meuse at Meers 

By: Beston I. Sharef                                                               UNESCO-IHE & Delft Hydraulics ٣

 
 
Figure A١.٣: Cumulative erosion and sedimentation for study in the main channel ١٠ days hydrograph. 
 
In the Figures A١.٢ and A١.٣ we can note some patterns of sedimentation and erosion 
in different locations of the main channel (outer and inner bends). This might be 
because the initial condition of the bed material that introduced to the model is contain 
all fractions, and due to time limitation the model was not run with constant low 
discharge for obtaining the armouring phenomena.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



٢D Numerical Modelling with Graded sediment for Common Meuse at Meers 

By: Beston I. Sharef                                                               UNESCO-IHE & Delft Hydraulics ٤

Appendix A٢ 
 
 
 
Case WOP٢: Using ٣٠ days hydrograph (with repeated hydrograph) 
 
The idea of using this hydrograph came from the original hydrograph of ٢٠٠٣-٢٠٠٢, 
which is shown in Figure ٦.١. There are some other peak flows at the beginning of ٢٠٠٢. 
Some of them are close to the maximum peak which occurred during ٢٠٠٢ and the 
beginning of ٢٠٠٣. As a trial we wanted to study the effect of these three peaks and put 
in two other peaks with the same magnitude with maximum peak. This gives a 
hydrograph with a repetition of the B flood (end ٢٠٠٢ – beginning ٢٠٠٣) with three 
similar peaks as shown in the Figure A٢.١ below. 
The results of this simulation are shown in Figure A٢.٢, which represent the cumulative 
sedimentation and erosion pattern after the repeated flood depicted in Figure A٢.٢. 
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Figure A٢.١: Repeated hydrograph of ٢٠٠٣-٢٠٠٢ floods. 
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Figure A٢.٢: Cumulative erosion and sedimentation study in the main channel for ١٠ days repeated 
hydrograph. 
 
By comparing the erosion and sedimentation pattern in Figure A٢.٢ with Figure A١.٣ it 
can be concluded that the pattern of sedimentation and erosion is similar to the case 
WOP١ with a single peak, but here the magnitude of the changes are larger for both 
sedimentation and erosion cases. 
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Appendix A٣ 
 
 
 
Case WP١: Using ١٠ days hydrograph  
 
In this case same hydrograph of appendix A١ was used (see Figure A١.١ above), for 
studying ١٠ days of morphological changes in the river for the case with the project 
implemented to have an idea about the difference between situation with and without 
the project and to try to Figure out the effect of the project at that location. 
 
From Figures A٣.١ & A٣.٢, some sedimentation and erosion can be noted within the 
main channel of the river. The pattern is close to the pattern formed in appendix A١ but 
the magnitude might be larger than without the project. This will be discussed later 
when comparing the two situations with and without the project. 
 
The sedimentation and erosion pattern near to the project is similar to what was 
explained in the explanatory Figure ٦.٥ in Section ٦.٣.١. They are very logic results, 
because when the project is implemented the width of the river above some level will be 
larger, and then the velocity will decrease in the main channel. Hence the sediment 
transport capacity of the river will decrease also, and as a consequence sedimentation 
will take place at the beginning of the project in the main channel near to the inner bend. 
 

 
Figure A٣.١: Cumulative erosion and sedimentation for ١٠ days morphological study. 
 
Due the drawdown curve the water depth in the river will decrease somewhere upstream 
of the project area. Also the velocity will increase because the width is not changes and 
there is same discharge, and as a result some erosion should take place in the main 
channel, which can be seen from the Figure A٣.١. 
When the water returns from the floodplain to the main channel at the end of excavation, 
and most of the sediments were deposited (bed load), it has the tendency to erode the 
main channel at that particular location, and after some distance this flow will return to 
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its natural conditions and some part of the sediments will deposited again in the main 
channel.  
 

 
 
Figure A٣.٢: Cumulative erosion and sedimentation study in the main channel for ١٠ days hydrograph. 
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Appendix A٤ 
 
 
 
Case WP٢: Using ٣٠ days hydrograph (with repeated hydrograph) 
 
 

 
 
Figure A٤.١: Cumulative erosion and sedimentation study in the main channel for ٣٠ days repeated 
hydrograph. 
 
The same pattern of sedimentation and erosion can be noted as the previous simulation, 
but here the quantities appear to be more than that of Appendix A٣ (see Figure A٣.٢). 
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Appendix A٥ 

Additional computation for the case with project situation for ٣٠ days hydrograph 
 
Two other simulations were made (only for the case of with project case) for 
determining the sensitivity of the model for the input hydrograph and its effect on the 
outputs. The first hydrograph comes from the normal ١٠ days hydrograph and 
multiplying each discharges duration with ٠.٧٥ (for obtaining ٧.٥ days hydrograph), 
and the other is a ٣٠ days real hydrograph squeezed by factor ٤ (also for obtaining ٧.٥ 
days hydrograph), as shown below: 
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Figure A٥.١: Stretched hydrograph (١٠ days Normal hydrograph multiplied by factor ٠.٧٥ and used in 
simulation with MORFAC ٤). 
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Figure A٥.٢: Real hydrograph (٣٠ days Normal hydrograph Squeezed by factor ٤ and used in simulation 
with MORFAC ٤). 



٢D Numerical Modelling with Graded sediment for Common Meuse at Meers 

By: Beston I. Sharef                                                               UNESCO-IHE & Delft Hydraulics ١٠

For case of with project the morphological changes studied also with these two different 
hydrographs with a morphological factor ٤ (morphological time of ٣٠ days). The main 
purpose of these tow simulations was to study the effect of the input hydrograph on the 
outcomes. 
 

 
Figure A٥.٣: Cumulative erosion and deposition in the main channel for ٧.٥ days hydrograph and morph. 
factor ٤ for with project case (stretched hydrograph). 
 

 
Figure A٥.٤: Cumulative erosion and deposition in the main channel for ٧.٥ days hydrograph and morph. 
factor ٤ for with project case (real hydrograph). 
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If these two results are compared with the Figure ٦.٨ (repeated hydrograph), it can be 
seen that there are some differences between them in term of magnitude of erosion and 
sedimentation. 
The results of the simulation with the real hydrograph is seems to be less compared with 
the others, this because in this simulation there is only one single peak, while in the 
repeated hydrograph simulation (Figure ٥.٣٤) there are three peaks with same 
magnitude of discharges. However, the case of stretched hydrograph is also consisting 
of one peak but for longer duration (٣ times longer than real hydrograph). 
It’s easier to understand the difference between them by showing the result of each case 
in a specific location as shown in the Figure below: 
 

 
 
Figure A٥.٥: Time dependent cumulative erosion and sedimentation at a point where sedimentation was 
taken place for same morphological time. 
 
This Figure very clearly indicated the difference between the effects of mentioned 
different hydrograph, the behaviour of the blue and green line are almost the same until 
the flow reaches the peak (only peak for green line and first peak for blue line) . Later 
on a large difference can be noted between them, because in the case of blue line after 
the recession two other peaks were came and the effect of each of them can be easily 
noted. While in the case of green line after the peak the recession was came and it seems 
to be after the flood peak there is no large effect on the morphology. 
The red line had totally different behaviour, because in this case the peak is delayed by 
stretching the hydrograph, but at the end it matches with green line. 
Now we can conclude that the input hydrograph has a large impact and effect on the 
outcome results from the model, and the selection of it needs a careful decision because 
might give totally different result.  
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Appendix A٦ 
 
Relation between grid lines in N direction and the river chainage  
 
Grid lines 

N direction 
River chainage 

(km) 
Model chainage 

(m) Comment 

٠ ٢٤.٥ ١ Beginning of model boundary 
(upstream boundary) 

٣٠٠ ٢٤.٨ ٥  
٦٠٠ ٢٥.١ ١٠  
٩٠٠ ٢٥.٤ ١٥  
١٢٠٠ ٢٥.٧ ٢٠  
١٥٠٠ ٢٦.٠ ٢٥  
١٨٠٠ ٢٦.٣ ٣٠  
٢١٠٠ ٢٦.٦ ٣٥  
٢٤٠٠ ٢٦.٩ ٤٠  
٢٧٠٠ ٢٧.٢ ٤٥  
٣٠٠٠ ٢٧.٥ ٥٠  
٣٣٠٠ ٢٧.٨ ٥٥  
٣٦٠٠ ٢٨.١ ٦٠  
٣٩٠٠ ٢٨.٤ ٦٥  
٤٢٠٠ ٢٨.٧ ٧٠  
٤٥٠٠ ٢٩.٠ ٧٥  
٤٨٠٠ ٢٩.٣ ٨٠  
٥١٠٠ ٢٩.٦ ٨٥  
٥٤٠٠ ٢٩.٩ ٩٠  
٥٧٠٠ ٣٠.٢ ٩٥  
٦٠٠٠ ٣٠.٥ ١٠٠  
٦٣٠٠ ٣٠.٨ ١٠٥  
٦٦٠٠ ٣١.١ ١١٠ The project area is lied between 

the grid lines (١١٠ and ١٤٥) in (N 
direction), which corresponds to 
the river chainage of (٣٠.٢ to 
٣٣.٥), and model chainage of 
(٥٧٠٠ to ٩٠٠٠). 

٦٩٠٠ ٣١.٤ ١١٥ 
٧٢٠٠ ٣١.٧ ١٢٠ 
٧٥٠٠ ٣٢.٠ ١٢٥ 
٧٨٠٠ ٣٢.٣ ١٣٠ 
٨١٠٠ ٣٢.٦ ١٣٥ 
٨٤٠٠ ٣٢.٩ ١٤٠ 
٨٧٠٠ ٣٣.٢ ١٤٥  
٩٠٠٠ ٣٣.٥ ١٥٠  
٩٣٠٠ ٣٣.٨ ١٥٥  
٩٦٠٠ ٣٤.١ ١٦٠  
٩٩٠٠ ٣٤.٤ ١٦٥  
١٠٢٠٠ ٣٤.٧ ١٧٠  
١٠٥٠٠ ٣٥.٠ ١٧٥  
١٠٨٠٠ ٣٥.٣ ١٨٠  
١١١٠٠ ٣٥.٦ ١٨٥  
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Grid lines  
N direction 

River chainage
 (km) 

Model chainage 
(m) Comment 

١١٤٠٠ ٣٥.٩ ١٩٠  
١١٧٠٠ ٣٦.٢ ١٩٥  
١٢٠٠٠ ٣٦.٥ ٢٠٠  
١٢٣٠٠ ٣٦.٨ ٢٠٥  
١٢٦٠٠ ٣٧.١ ٢١٠  
١٢٩٠٠ ٣٧.٤ ٢١٥  
١٣٢٠٠ ٣٧.٧ ٢٢٠  

١٣٥٠٠ ٣٨.٠ ٢٢٦ End of model boundary 
(downstream boundary) 

 
Table A٦.١: relation between the grid lines in (N direction) of the model with the chainage of the river 
and the chainage of the model. 
 

 
 

Figure A٦.١: Explanatory figure showing the grid system of the model and indicating some grid lined in 
N direction. 
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Appendix A٧ 
Model input files 
 
A٧.١. MDF file 
 
In this file most of the files can be found that defined to the model and an example of 
MDF file is shown in below, the most important parameters and files are indicated in 
bold. These files are for the case WP٣. 
 
Ident = #Delft٣D-FLOW  .٣.٣٩.١٢.٠٣ ٠٣.٠٢# 
Runid = #tw١# 
Commnt=                               
Runtxt= #New test: tw١٥ MEAN           # 
        #Changing the location of D/S  # 
        #Boundary Condition and        # 
        #changing bathemetry file      # 
        #changing numerical parameter  # 
        #to the last option ٢٠٠٢       # 
Filcco= #Cuted Active.grd# 
Fmtcco= #FR# 
Anglat=  ٥.٢٠٠٠٠٠٠e+٠٠١ 
Grdang=  ٠.٠٠٠٠٠٠٠e+٠٠٠ 
Filgrd= #Cuted Active.enc# 
Fmtgrd= #FR# 
MNKmax= ١ ٢٣٧ ٥٩ 
Thick =  ١.٠٠٠٠٠٠٠e+٠٠٢ 
Fildep= #MC٩٨FP٠٢.dep# 
Fmtdep= #FR# 
Commnt=                               
Fildry= ## 
Fmtdry= #FR# 
Filtd = ## 
Fmttd = #FR# 
Nambar= #                    # 
MNbar = [ ] [ ] # # 
MNwlos= [ ] [ ] 
Commnt=                               
Itdate= #٢٩-١٢-٢٠٠٢# 
Tunit = #M# 
Tstart=  ٠.٠٠٠٠٠٠٠e+٠٠٠ 
Tstop =  ٢.١٦٠٠٠٠٠e+٠٠٤ 
Dt    =  ١.٠٠٠٠٠٠٠e-٠٠١ 
Tzone = ٠ 
Commnt=                               
Sub١  = #   I# 
Sub٢  = #   # 
Namc١ = #                    # 
Namc٢ = #                    # 
Namc٣ = #                    # 
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Namc٤ = #                    # 
Namc٥ = #                    # 
Wnsvwp= #N# 
Filwnd= ## 
Fmtwnd= #FR# 
Wndint= #Y# 
Commnt=                               
Restid= #tw١.٢٠٠٥١٢٢١.٠٦٠٠٠٠# 
Commnt=                               
Filbnd= #tw١٥.bnd# 
Fmtbnd= #FR# 
FilbcH= ## 
FmtbcH= #FR# 
FilbcT= #tw١٥.bct# 
FmtbcT= #FR# 
FilbcQ= #tw١٥n.bcq# 
FmtbcQ= #FR# 
Filana= ## 
Filcor= ## 
FilbcC= ## 
FmtbcC= #FR# 
Rettis=  ٠.٠٠٠٠٠٠٠e+٠٠٠ 
         ٠.٠٠٠٠٠٠٠e+٠٠٠ 
Rettib=  ٠.٠٠٠٠٠٠٠e+٠٠٠ 
         ٠.٠٠٠٠٠٠٠e+٠٠٠ 
Commnt=                               
Ag    =  ٩.٨١٠٠٠٠٤e+٠٠٠ 
Rhow  =  ١.٠٠٠٠٠٠٠e+٠٠٣ 
Alph٠ = [.] 
Tempw =  ١.٥٠٠٠٠٠٠e+٠٠١ 
Salw  =  ٣.١٠٠٠٠٠٠e+٠٠١ 
Rouwav= #    # 
Wstres=  ٦.٣٠٠٠٠٠٢e-٠.٠٠٠٠٠٠٠  ٠٠٤e+٧.٢٣٠٠٠٠١  ٠٠٠e-١.٠٠٠٠٠٠٠  ٠٠٣e+٠٠٢ 
Rhoa  =  ١.٠٠٠٠٠٠٠e+٠٠٠ 
Betac =  ٥.٠٠٠٠٠٠٠e-٠٠١ 
Equili= #N# 
Tkemod= #            # 
Ktemp = ٠ 
Fclou =  ٠.٠٠٠٠٠٠٠e+٠٠٠ 
Sarea =  ٠.٠٠٠٠٠٠٠e+٠٠٠ 
Filtmp= ## 
Fmttmp= #FR# 
Temint= #Y# 
Tstmp = [.] [.] 
Commnt=                               
Roumet= #C# 
Filrgh= #Roghness.rgh# 
Fmtrgh= #FR# 
Xlo   =  ٠.٠٠٠٠٠٠٠e+٠٠٠ 
Htur٢d= #N# 
Filedy= ## 
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Fmtedy= #FR# 
Vicouv=  ٥.٠٠٠٠٠٠٠e-٠٠١ 
Dicouv=  ٥.٠٠٠٠٠٠٠e-٠٠١ 
Vicoww= [.] 
Dicoww= [.] 
Irov  = ٠ 
Z٠v   = [.] 
Cmu   = [.] 
Cpran = [.] 
Commnt=                               
Iter  =      ٢ 
Dryflp= #YES# 
Dpsopt= #DP# 
Dpuopt= #MIN# 
Dryflc=  ١.٠٠٠٠٠٠٠e-٠٠١ 
Dco   = -٩.٩٩٠٠٠٠٠e+٠٠٢ 
Tlfsmo=  ٣.٠٠٠٠٠٠٠e+٠٠١ 
ThetQH=  ٠.٠٠٠٠٠٠٠e+٠٠٠ 
Forfuv= #Y# 
Forfww= #N# 
Sigcor= #N# 
Trasol= #Cyclic-method# 
Momsol= #Cyclic# 
Commnt=                               
Filsrc= ## 
Fmtsrc= #FR# 
Fildis= ## 
Fmtdis= #FR# 
Commnt=                              no. observation points: ٨ 
Filsta= #tw١٥.obs# 
Fmtsta= #FR# 
Filpar= ## 
Fmtpar= #FR# 
Commnt=                               
Eps   = [.] 
Commnt=                               
Commnt=                              no. cross-sections: ١٠ 
Filcrs= #tw١٥.crs# 
Fmtcrs= #FR# 
Commnt=                               
SMhydr= #YYYYY#      
SMderv= #YYYYYY#     
SMproc= #YYYYYYYYYY# 
PMhydr= #YYYYYY#     
PMderv= #YYY#        
PMproc= #YYYYYYYYYY# 
SHhydr= #YYYY#       
SHderv= #YYYYY#      
SHproc= #YYYYYYYYYY# 
SHflux= #YYYY#       
PHhydr= #YYYYYY#     
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PHderv= #YYY#        
PHproc= #YYYYYYYYYY# 
PHflux= #YYYY#       
Commnt=                              attribute file fourier analyzed 
Filfou= ## 
Online= #Y# 
Prmap = [.] 
Prhis = [.] [.] [.] 
Flmap =  ٠.٠٠٠٠٠٠٠e+١.٨٠٠٠٠٠٠  ٠٠٠e+٢.١٦٠٠٠٠٠  ٠٠٢e+٠٠٤ 
Flhis =  ٠.٠٠٠٠٠٠٠e+١.٠٠٠٠٠٠٠  ٠٠٠e+٢.١٦٠٠٠٠٠  ٠٠١e+٠٠٤ 
Flpp  =  ٠.٠٠٠٠٠٠٠e+٠.٠٠٠٠٠٠٠  ٠٠٠e+٠.٠٠٠٠٠٠٠  ٠٠٠e+٠٠٠ 
Flrst =  ١.٤٤٠٠٠٠٠e+٠٠٣ 
Commnt=                               
Fil٢dw= #w.٢dw# 
ThetaW= ٠.٠ 
Commnt=                               
Filsed= #GS.sed# 
Filmor= #GS.mor# 
TraFrm= #GS.tra# 
Commnt=              
 
 
 
A٧.٢. Boundary condition files 
 

• Upstream boundary condition: the upstream boundary condition is consisting of 
a hydrograph, an example is shown in Figure A٧.١ below. 

 

Squeezed real hydrograph

٠
٢٥٠
٥٠٠
٧٥٠
١٠٠٠
١٢٥٠
١٥٠٠
١٧٥٠
٢٠٠٠
٢٢٥٠
٢٥٠٠
٢٧٥٠
٣٠٠٠

٠:٠٠ ١٢/٢٩/٢٠٠٢
١٢:٠٠ ١٢/٢٩/٢٠٠٢
٠:٠٠ ١٢/٣٠/٢٠٠٢
١٢:٠٠ ١٢/٣٠/٢٠٠٢
٠:٠٠ ١٢/٣١/٢٠٠٢
١٢:٠٠ ١٢/٣١/٢٠٠٢
٠:٠٠ ١/١/٢٠٠٣
١٢:٠٠ ١/١/٢٠٠٣
٠:٠٠ ١/٢/٢٠٠٣
١٢:٠٠ ١/٢/٢٠٠٣
٠:٠٠ ١/٣/٢٠٠٣
١/ ١٢:٠٠ ٣/٢٠٠٣
٠:٠٠ ١/٤/٢٠٠٣
١٢:٠٠ ١/٤/٢٠٠٣
٠:٠٠ ١/٥/٢٠٠٣
١٢:٠٠ ١/٥/٢٠٠٣
٠:٠٠ ١/٦/٢٠٠٣
١٢:٠٠ ١/٦/٢٠٠٣
٠:٠٠ ١/٧/٢٠٠٣
١٢:٠٠ ١/٧/٢٠٠٣
٠:٠٠ ١/٨/٢٠٠٣
١٢:٠٠ ١/٨/٢٠٠٣
١/٩/ ٠:٠٠ ٢٠٠٣
١٢:٠٠ ١/٩/٢٠٠٣
٠:٠٠ ١/١٠/٢٠٠٣
١٢:٠٠ ١/١٠/٢٠٠٣
٠:٠٠ ١/١١/٢٠٠٣
١٢:٠٠ ١/١١/٢٠٠٣
٠:٠٠ ١/١٢/٢٠٠٣
١٢:٠٠ ١/١٢/٢٠٠٣
٠:٠٠ ١/١٣/٢٠٠٣
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Figure A٧.١: In put hydrograph as upstream boundary condition 
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• Downstream boundary condition: the downstream boundary condition is 
consisting of a rating curve situated at km ٣٨ of the river, an example is shown 
in Figure A٧.٢ below. 

 

Rating Curve at km ٣٨
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Figure A٧.٢: Rating curve for the river at km ٣٨ used as a downstream boundary condition 
 
 
A٧.٣. Sediment files 
 
This file contains all information about the sediment particle and the fractions used in 
the model, an example is shown below. 
 
Sediment File Information] 
   File Created By    = Delft٣D-FLOW-GUI, Version: ٣.١٨٠٤ 
   File Creation Date = ٨:٥٠:٤٥  ,٢٠٠٣-١٢-١٩ 
   File Version      = ٠٢.٠٠ 
[Sediment Overall] 
   Cref   = ١٦٠٠.٠          [kg/m٣ ] = CSoil Reference density for hindered settling 

calculations 
   IopSus = ١ [   -  ]               ٠: Suspended sediment size is calculated dependent on d٥٠ 
[Sediment] 
   Name   = #٣-٠.٢mm#          [  -   ] Name as specified in NamC in md-file 
   SedTyp = bedload         [  -   ] Must be "sand" or "mud" (or "bedload" for non-

constituent fractions) 
   RhoSol = ٢٦٥٠.٠          [kg/m٣ ] Density 
   SedMinDia = ٠.٠٠٠٢        [  m   ] Sand only: Minimum sediment diameter 
   SedMaxDia = ٠.٠٠٣        [  m   ] Sand only: Minimum sediment diameter 
   CDryB  = ١٦٠٠.٠          [kg/m٣ ] Dry bed density 
   SdBUni = #GS_mass.dep#           [kg/m٢ ] Initial sediment mass at bed per unit area  

(uniform value or file name) 
   FacDss = ١.٠ 
 
[Sediment] 
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   Name   = #٨-٣mm#         [  -   ] Name as specified in NamC in md-file 
   SedTyp = bedload         [  -   ] Must be "sand" or "mud" (or "bedload" for non-

constituent fractions) 
   RhoSol = ٢٦٥٠.٠          [kg/m٣ ] Density 
   SedMinDia = ٠.٠٠٣        [  m   ] Sand only: Minimum sediment diameter 
   SedMaxDia = ٠.٠٠٨        [  m   ] Sand only: Minimum sediment diameter 
   CDryB  = ١٦٠٠.٠          [kg/m٣ ] Dry bed density 
   SdBUni = #GS_mass.dep#           [kg/m٢ ] Initial sediment mass at bed per unit area  

(uniform value or file name) 
   FacDss = ١.٠ 
[Sediment] 
   Name   = #٢٢-٨mm#        [  -   ] Name as specified in NamC in md-file 
   SedTyp = bedload         [  -   ] Must be "sand" or "mud" (or "bedload" for non-

constituent fractions) 
   RhoSol = ٢٦٥٠.٠          [kg/m٣ ] Density 
   SedMinDia = ٠.٠٠٨        [  m   ] Sand only: Minimum sediment diameter 
   SedMaxDia = ٠.٠٢٢        [  m   ] Sand only: Minimum sediment diameter 
   CDryB  = ١٦٠٠.٠          [kg/m٣ ] Dry bed density 
   SdBUni = #GS_mass.dep#           [kg/m٢ ] Initial sediment mass at bed per unit area  

(uniform value or file name) 
   FacDss = ١.٠ 
[Sediment] 
   Name   = #٤٢-٢٢mm#        [  -   ] Name as specified in NamC in md-file 
   SedTyp = bedload         [  -   ] Must be "sand" or "mud" (or "bedload" for non-

constituent fractions) 
   RhoSol = ٢٦٥٠.٠          [kg/m٣ ] Density 
   SedMinDia = ٠.٠٢٢        [  m   ] Sand only: Minimum sediment diameter 
   SedMaxDia = ٠.٠٤٢        [  m   ] Sand only: Minimum sediment diameter 
   CDryB  = ١٦٠٠.٠          [kg/m٣ ] Dry bed density 
   SdBUni = #GS_mass.dep#           [kg/m٢ ] Initial sediment mass at bed per unit area  

(uniform value or file name) 
   FacDss = ١.٠ 
[Sediment] 
   Name   = #١١٠-٤٢mm#        [  -   ] Name as specified in NamC in md-file 
   SedTyp = bedload         [  -   ] Must be "sand" or "mud" (or "bedload" for non-

constituent fractions) 
   RhoSol = ٢٦٥٠.٠          [kg/m٣ ] Density 
   SedMinDia = ٠.٠٤٢        [  m   ] Sand only: Minimum sediment diameter 
   SedMaxDia = ٠.١١٠        [  m   ] Sand only: Minimum sediment diameter 
   CDryB  = ١٦٠٠.٠          [kg/m٣ ] Dry bed density 
   SdBUni = #GS_mass.dep#           [kg/m٢ ] Initial sediment mass at bed per unit area  

(uniform value or file name) 
   FacDss = ١.٠ 
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A٧.٤. Transport files 
 
This file contain the type of transport formula used in the model and the important 
parameters and factors that should be indicated, in this study MPM type of formula is 
used with an overall calibration factor of ٠.٥, as shown below. 
 
٢     IFORM 
#٢    MEYER-PETER MULLER 
٠.٥ 
 
 
 
A٧.٥. Morphology files 
 
All parameters and factors related to morphology can be defined in this file and 
introduced to the model, as shown below. 
 
[MorphologyFileInformation] 
   FileCreatedBy    = Delft٣D-FLOW-GUI, Version: ٣.١٨٠٤ 
   FileCreationDate = ٨:٥٠:٤٥  ,٢٠٠٣-١٢-١٩ 
   FileVersion      = ٠٢.٠٠ 
 
[Morphology] 
   MorFac = ٤.٠       [ - ] Morphological scale factor 
   MorStt = ٠.٠       [ - ] First time step relative to ITDATE for updating 
   Thresh = ٠.١       [ m ] Threshold sediment thickness for reducing sediment exchange 
   BedUpd = true      [T/F] Update bed level during flow run 
   CmpUpd = true      [T/F] Update bed composition during flow run 
   EqmBc  = true      [T/F] Equilibrium concentration at inflow boundaries 
   DensIn = true      [T/F] Include effect of sediment on density gradient 
   AksFac = ١.٠       [ - ] Van Rijn's reference height = AKSFAC * KS 
   RWave  = ٢.٠       [ - ] Wave related roughness = RWAVE * estimated ripple height. 

Van Rijn Recommends range ٣-١ 
   Rouse  = true      [T/F] Set equilibrium sediment concentration values to standard 

Rouse profiles 
   AlfaBs = ٥.٠      [ - ] Longitudinal bed gradient factor for bed load transport 
   AlfaBn = ١.٠       [ - ] Transverse   bed gradient factor for bed load transport 
   Sus    = ١.٠       [ - ] Multiplication factor for suspended sediment reference 

concentration 
   Bed    = ١.٠       [ - ] Multiplication factor for bed load transport vector magnitude 
   SusW   = ٠.٠       [ - ] Wave-related suspended sed. transport factor 
   BedW   = ٠.٠       [ - ] Wave-related bed-load sed. transport factor 
   SedThr = ٠.٠٥٠     [ m ] Minimum threshold depth for sediment computations 
   ThetSD = ٠.٠       [ - ] Fraction of erosion to assign to adjacent dry cells 
   HMaxTH = ٠.٠       [ m ] Max depth for variable THETSD. Set < SEDTHR to use 

global value only 
   FWFac  = ٠.٠       [ - ] Tuning parameter for wave streaming   
   EpsPar = false     [T/F] Only for waves in combination with k-epsilon turbulence 

model 
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                            TRUE : Van Rijn's parabolic-linear mixing distribution for current-
related mixing  

                            FALSE: Vertical sediment mixing values from K-epsilon turbulence 
model 

   IopKCW = ١         [ - ] Flag for determining Rc and Rw 
                            ١ (default): Rc from flow, Rw=RWAVE*٠.٠٢٥ 
                            ٢          : Rc=RDC and Rw=RDW as read from this file 
                            ٣          : Rc=Rw determined from mobility 
   RDC    = ٠.٠١      [ - ] Rc in case IopKCW = ٢ 
   RDW    = ٠.٠٢      [ - ] Rw in case IopKCW = ٢ 
   Espir  = ١.٠       [ - ] Calibration factor spiral flow 
   ISlope = ٢         [ - ] Flag for bed slope effect 
                            ١          : None 
                            ٢ (default): Bagnold 
                            ٣          : Koch & Flokstra 
   AShld  = ١.٧       [ - ] Bed slope parameter Koch & Flokstra 
   BShld  = ٠.٥       [ - ] Bed slope parameter Koch & Flokstra 
   IHidExp= ٣         [ - ] Flag for hiding & exposure 
                            ١ (default): none 
                            ٢          : Egiazaroff 
                            ٣          : Ashida & Michiue, modified Egiazaroff 
                            ٤          : Soehngen, Kellermann, Loy 
                            ٥          : Wu, Wang, Jia 
 
[Underlayer] 
IUnderLyr = ٢         [ - ] Flag for underlayer concept 
                            ١ (default): one fully mixed layer 
                            ٢          : graded sediment underlayers 
  ExchLyr = false     [T/F] Switch for exchange layer 
  TTLForm = ١         [ - ] Transport layer thickness formulation 
                            ١ (default): constant (user-specified) thickness 
  ThTrLyr = ٠.٢٥     [ m ] Thickness of the transport layer 
  MxNULyr = ٢٥       [ - ] Number of underlayers (excluding final well mixed layer) 
  ThUnLyr = ٠.١٠     [ m ] Thickness of each underlayer 
 
  IniComp = morlyr.ini 
 
[Output] 
  Dm = true 
  Dg = true 
  Percentiles = ٩٠ ٨٤ ٥٠ ١٦ 
  HidExp = false 
  WithPores = true 
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A٧.٦. Initial compositions file (morlyr.ini) 
 
In this file there are possibility to define different layers for the bed composition to the 
model, the percentage of each fractions defined in the sediment file can be specified 
here for the different layers, as shown in below. 
 
[BedCompositionFileInformation] 
   FileVersion      = ٠١.٠٠ 
[Layer] 
   Type             = mass fraction 
   Fraction٠.٠٠ =        ١ 
   Fraction٠.٠٠ =        ٢ 
   Fraction٠.٢٢ =        ٣ 
   Fraction٠.٤٠ =        ٤ 
   Fraction٠.٣٨ =        ٥ 
   Thick            = ٠.٢٥ 
[Layer] 
   Type             = mass fraction 
   Fraction٠.٢١ =        ١ 
   Fraction٠.١٠ =        ٢ 
   Fraction٠.١٩ =        ٣ 
   Fraction٠.٢٦ =        ٤ 
   Fraction٠.٢٤ =        ٥ 
   Thick            = ٠.٥٠ 
[Layer] 
   Type             = mass fraction 
   Fraction٠.١٠ =        ١ 
   Fraction٠.١١ =        ٢ 
   Fraction٠.٢٩ =        ٣ 
   Fraction٠.٣١ =        ٤ 
   Fraction٠.١٩ =        ٥ 
   Thick            = ٠.٧٥ 
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Appendix A٨ 

 
In the Figure A٨.١ the ٢٠٠١ – ١٩٩٨ hydrograph is shown for indicating the high value 
of discharges that might have some effect on the morphological conditions on the 
Meuse River. The effect of these discharges is neglected in the simulations made in this 
particular study due to non availability of adequate data representing the exact field 
situation. 
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Figure A٢٠٠١-١٩٩٨ :٨.١ hydrograph 
 
 

٢٠٠٤-١٩٩٨ hydrograph
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Figure A٢٠٠٤-١٩٩٨ :٨.٢ hydrograph 
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