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Summary 

Introduction 

The morphological behaviour of estuaries is complex and at present (1995) not well 

understood. Ebb and flood channels play an important role in the morphological 

behaviour of an estuary. 
In order to get more insight in the morphological behaviour of such systems it is studied 
whether a 1-D morphodynamic network model gives insight in this problem. This insight 
can be important for e.g. maintenance dredging, river training, and the des.gn of 
navigation channels. 

Approach 

As in estuaries a static equilibrium profile cannot be defined, first a condition for a 
dynamic equilibrium profile is derived. Next the dynamic equilibrium of a short bas.n is 
analysed wi th a single-channel and a simple two-channel model on an analytical base. 
Subsequently the ebb and flood channel system 'Pas van Terneuzen - Everingen' of the 
Western Scheldt is taken as a reference case and the available data is gathered. 
Finally the reference case is schematised to a numerical model. In this model the 
morphological development is considered. 
In the numerical model the following scenarios are worked out. 
1. The gradual change in width of the ebb and flood channels along the channels 

2. A constant width of the ebb and flood channels 
3. A Chézy coeffcient which depends on the f low direction 
4. Different lengths of the ebb and flood channels 
5 Combination of scenarios 1 and 3 

6. As scenario 5 wi th a different phase difference between the M 2 and M 4 compo

nent at the seaside boundary 

Conclusions 

dynamic enuilibrium profile: 
As the bed profile is continuously in motion, a static equilibrium profile cannot be 
defined. However, a bed profile is a dynamic equilibrium profile when the net 
sediment transport is equal for every cross-section. 

About the short basin as single-channel model and a two-channel model: 

Qinglp.-nhannel model: 
In the single-channel model only a net sediment transport occurs when a number 
of small factors are taken into account. The most important factor is the seaside 
boundary condition which contains at least the M 2 and M 4 component. 
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The single-channel model will only lead to a trivial solution, viz. a filled basin as 
result of the closed boundary condition at the end of the basin. However, a 
quasi-dynamic equilibrium can be defined. 

two-channel model: 
The t w o channel model leads to a well defined dynamic equilibrium profile. The 

closed boundary condition does not influence the equilibrium as a result of 

horizontal circulation. 
The t w o channel model leads to a well defined dynamic equilibrium profile 
wi thout taking into account a number of small factors. A t the seaside boundary 
only the M 2 component is required. 

available data of the refemnoe case 'Pas van Terneuzen - Everingen': 
The net volume of water over a tidal period can not be determined as a result of 

the errors in the measurements. 
The net sediment transport is even more diff icult to determine. 
To schematise a specific ebb and flood channel is diff icult as the geometry is 

very complex. 

computational results: 
The change of width of the ebb and flood channels is an important parameter for 
the morphological development of the channel system. For a flood channel wi th 
an increasing width from seaside to landside a linear inclining bed profile 
develops. For an ebb channel wi th a decreasing width from seaside to landside a 
nearly horizontal bed profile develops. 
As a result of the Chézy coefficient, which depends on the f low direction, the 
bed slope of the flood channel becomes smaller and the bed slope of the ebb 
channel becomes larger. The volumes of water that pass through the ebb and 
flood channels change significantly. 
When the difference between the Chézy coefficients during ebb and flood is 
large compared to the convective term in the momentum equation the M 2 

component at the seaside boundary generates M 4 . 
The phase difference between the M 2 and M 4 components at the seaside bound
ary is an important parameter as this determines the magnitude and direction of 
the net sediment transport. This net sediment transport can be split up in a 
symmetric and an asymmetric part over the ebb and flood channels. When the 
asymmetric part is larger than the symmetric part circulation of net sediment 
transport occurs. 

The length of the channels is another important parameter. The longest channel 

becomes shallow. 
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1 Introduction 

1.1 General 

The morphological behaviour of estuaries is complex and at present (1995) not well 

understood. Within the complex system of estuaries ebb and flood channels (always) 

occur. 
In contrast to many river problems an equilibrium bottom profile is hard to define for 
estuary problems. In estuaries a dynamic equilibrium profile can be defined as the 
averaged bed profile over a long period, providing the net sediment transport over the 
tidal period for that profile is the same for every cross-section. Within this equilibrium 
profile ebb and flood channels play an important role. 
In order to get more insight in this phenomenon, the morphological behaviour of a 

simple ebb and flood channel system is analysed. 

1.2 Description of the problem 

In the Western Scheldt many ebb and flood channels are found. This estuary is an 
important entrance to the Antwerp harbour (Belgium), see Figure 1-1. 
Insight where bars and shallows occur can be important e.g. for maintenance dredging, 

river training and design of navigation channels. 
The relevance of the present study is thus illustrated. 

Figure 1 - 1 : Wes te rn Scheldt 

1.3 Goal of the study 

In this study an existing ebb and flood channel system is schematised. The morphologi
cal behaviour of this schematised system is studied by changing several factors which 
influence the morphological processes. Studied factors are: change of the w id th , a 
Chézy coefficient that depends on the f low direction, the combination of the M 2 - and 
M 4 - t ides at the open boundary and different lengths of the channels. 
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1.4 Restrictions of the study 

In this study a number of important assumptions are made, viz.: 

1. profile averaged parameters are used (1-D model). 
2. the estuary is assumed to be well mixed, no density currents are taken into 

account. 

3. the morphological development is current driven. There is no influence of wind or 

waves. 

4. only M 2 and higher frequency components are taken into account (no neap-

spring tides). 
5. non-erodible banks, morphological changes only effect the bed level. 
6. sediment transport depends on the local hydraulic conditions only. 
7. Coriolis acceleration is neglected. 
8. effects of bends are not taken into account. 

1.5 Outline of the report 

In Chapter 2 of this report a condition for a dynamic equilibrium profile is derived. 
Chapter 3 is concerned wi th a dynamic equilibrium profile for a simple single-channel 
model, whilst Chapter 4 deals wi th the dynamic equilibrium profile of a simple two-
channel model. Chapter 5 describes an ebb and flood channel system in the Western 
Scheldt viz., 'Pas van Terneuzen - Everingen'. In Chapter 6 this ebb and flood channel 
system is schematised into a simple model. Chapter 7 deals wi th morphodynamic 
computations wi th SOBEK. In Chapter 8 conclusions and recommendations are given. 
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2 Condition for a dynamic equilibrium profile 

2.1 General 

The profile of the bed in a tidal or non-tidal river is continuously in motion. As a cor 

quence a static equilibrium profile cannot be defined. 
However, if a bed profile is defined as the averaged bed profile over a long time P, 
averaged profile can be considered as a dynamic equilibrium profile. 

tide I = = = = = 

actual bed profile 

dynamic equilibrium profile 
Figure 2 - 1 : Dynamic equi l ibr ium prof i le 

In a period of less sediment supply (less sediment supply from upstream), erosion wil l 
occur and the actual bed profile is situated under the dynamic equilibrium profile. In a 
period of much sediment supply (much sediment supply from upstream), sedimentation 
will occur and the actual bed profile is situated above the dynamic equilibrium profile. 
Van Velzen (1986) derived along these lines a condition for a dynamic equilibrium 
profile, which is presented in the following Sections. 

2.2 Basic equations 

Figure 2 -2 : Def in i t ion sketch 

The equilibrium profile is determined by four equations. 
For a one-dimensional system the water motion is described mathematically by the 

following t w o equations: 
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continuity: 

momentum: 

Bdh + 8Q = Q ( 2 > 1 ) 
dt dx 

* 2 + 32» + gaB® * g QW = 0 (2.2) 
dt dx 8 fdx C2a2Bf 

The sediment motion is described mathematically by the following t w o equations: 

D dzb dS _ ft (2 3) 
mass-balance: t>f— + — - u • 

transport: S = £ / (« , C, a, Z>50 ) (2.4) 

[m] 
[s] 

herein: 
a = water depth 
t = time 
t/ = f low velocity [ m / s ] 

Q = discharge [ n r , 3 / s ] 

x = horizontal spatial coordinate [ m ] 

g = acceleration of gravity [m/s 2 ] 
zb= bed level [ m ]

y 2 

C = Chézy-coefficient t m 2 / s l 

S = sediment transport [m 3 /s] 
f = a function representing a sediment transport formula [m 2 /s] 
B = storage width 
Bf = f low width 

[m] 
[m] 

2.3 Condition for dynamic equilibrium 

This system of four partial differential equations (2.1) ... (2.4) describes the actual 

morphodynamic development. 

To obtain a dynamic equilibrium profile the mass-balance equation for sediment, 

equation (2.3), has to be integrated over a long time P. 

B f f_È d f + f S df = 0 (2.5) 
f { dt dx J 

The sediment transport S is a function of the f low velocity (u). The f low velocity (u) 
itself contains t w o components, the tidal motion and the river discharge. The river 
discharge generally depends on the season and the tide depends on the lunar and solar 
motion. Both can be represented by a probability density function. 
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Thus the sediment transport S can be represented by a probability density function (cf. 

Section 2.4). 

If the sediment transport S is regarded as a stochastic variable and the time P is long 

enough then equation (2.5) reads: 

B f _ * d t + ±SP = 0 
f {dt dx 

(2.6) 

Where S is the averaged sediment transport. The averaged sediment transport in turn 

is defined as: S = ƒ S i{S}dS (2.7) 

herein: f{S} = probability density function 

f { S } 

Figure 2-3 : Example of probabi l i ty dens i ty f unc t i on 

Substitution of equation (2.7) in (2.6) gives: 

B C^±6t + P ± ( S f { 5 } d S = 0 
f i dt dx J„ 

(2.8) 

A profile is a dynamic equilibrium profile, if for a time P, which is long enough, the 

condition holds: 

re dt = zb(x,P) - zb(x,0) = 0 
J dt 

(2.9) 

hence 

- 0 - f 5f{S}dS= 0 
dx J 

(2.10) 
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If a profile fulfils this condition the profile is regarded as a dynamic equilibrium profile. 
The condition is fulfilled when the averaged (net) sediment transport through every 
cross-section is equal. 

From equation (2.9) it can be seen that the dynamic equilibrium profile is a periodic 

phenomenon. 

2.4 Sediment transport probability density function 

The probability density function f{S} in equation (2.10) is not known beforehand. 
Therefore the condition for a dynamic equilibrium profile cannot be applied. 

In order to approximate the probability density function f{5} t w o assumptions are made: 

3<?o 
1. The river discharge 0 0 can be regarded as quasi-steady ( — - 0 ) . 

2. The (tidal) motion at the river mouth can then be represented by a repetitive 

function (f(r) = f(r + nT ) ) wi th a period 7. 

The probability density function can thus be approximated by: 
T 

f{5} = (ƒ S dt) f{<?0} 
o 

herein: f{<?0} = probability density function of the river discharge. 
T 

The net sediment transport over one tidal period is defined as ƒ S dt 

s . net net 

> r r i 
f { S } 

f { Q 0 J 

Ij j f { S } 

f { Q 0 J Y 
Figure 2-4: Example of net sediment transport probability density 

function 

The condition for a dynamic equilibrium profile now reads: 

d_ 
dx 

ƒ J (ƒ S dt )\{Q0} dQ0 

L o 

= 0 (2.11) 



Two extremes can be distinguished viz.: 

1. The river discharge Q0 is constant, f{<?0= const} = 1 

equation (2.11) then reduces to: 

r T 

dx { 

(2.12) 

No tidal influence is present, 7 = 0 (non-tidal rivers), 
equation (2.11) then reduces to: 

d_ 
dx 

ƒ { S(Q0) HQ0) } d(?0 
(2.13) 

2.5 Conclusions 

From the previous Sections it can be concluded that a profile is in dynamic equilibrium if 

the following equations are satisfied: 

dt dx 
(2.14) 

SQ + dQu + B dh + 0]Ql o 
dt dx fdx C2a2B, 

(2.15) 

d_ 
dx 

ƒ \(f Sdt)1{Q0} d(?0 
(2.16) 

S = B/(u, C, a, D60 ) (2.17) 

In the equations (2.14) ... (2.17) one assumption is made. In the continuity- and 
momentum equation for water and mass-balance equation for sediment, it is assumed 
that the profile does not differ too much from the dynamic equilibrium profile. It is 
expected that the error, as a result of the variable actual profile, is negligible. 
Applying these assumptions and sufficient boundary conditions, to a tidal or non-tidal 
system, a dynamic equilibrium profile can be derived. 
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3 A simple single-channel model 

3.1 General 

Wang (1992) analysed a dynamic equilibrium profile for a simple single-channel model. 
This model contains a short basin compared to the length of the tidal wave. This model 
is presented partly in this Chapter. 
First, in Section 3.2, a simple model is considered which contains only one tidal compo
nent at the boundary, viz. the M 2 component. It wil l be shown that there is no net 
sediment transport over a tidal period, thus any bathymetry is a dynamic equilibrium 
profile. 
Later, in Section 3.3, the simple model will be extended to obtain a net sediment 
transport in order to define a more realistic dynamic equilibrium profile. This is achieved 
by taking five factors into account: the down-slope effect, phase-lag between discharge 
and water depth, tidal distortion, relaxation in time and incipient motion. 
Finally, in Section 3.4, the morphological development of a single-channel basin is 
considered. 
For the sake of simplicity only a small tidal basin is considered. 

3.2 Simple single-channel model 

SEA TIDAL BASIN 

I PLAN VIEW 

tide 

X= 0 

Figure 3 - 1 : Def in i t ion ske tch 

CROSS SECTION 

The tidal basin has a constant w id th , so the system of equations (2.1) ... (2.4) can be 
rewritten to: 
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da + dua _ q (3.1) 
dt dx 

(3.2) 

_ È + Js = 0 (3.3) 
3r ax 

s = f(w, C, a, Ay j ) (3.4) 

The system of equations (3.1) ... (3.4) is still too complex to handle analytically if a 

tidal river problem is studied. 

To simplify the problem further, the following four assumptions are made: 
1. The length of the tidal basin is less than 1/20 of the length of the tidal wave, so 

the 'storage basin consideration' can be applied. 
2. The sediment transport rate depends only on the local f low velocity and the 

transport equations for steady-state sand transport can be applied. 
Well-known formulae are given by Meyer-Peter Muller (1948), Engelund Hansen 
(1967), Einstein Brown (1950) and Van Rijn (1984). 

These equations are simplified to: s = mu" 

If n = 5 and the proper value for m is applied, the Engelund Hansen formula 

results. 
3. Only one single rectangular channel is considered. 
4 . No tidal flats are taken into account. 

Due to assumption 1. the water level in the whole region may be approximated as 

horizontal. The level in this case is a time dependent sine function as a result of the 

applied boundary conditions: 

for x = 0: Z s = tfsin(G>r) 

At the end of the basin a closed boundary is applied: 

for x = L: ? ( 0 = 0 

herein: 

OJ 

= water level measured from the average water level 

= tidal amplitude 
= frequency of the tide 
= discharge 

[m] 
[m] 
[rad s" 1] 
[ m W 1 ] 
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The water depth as function of time and space then reads: 
a{x,t) = a0(x) + H sin(o>f) (3.5) 

where a n (x) is the mean water-depth. 

The water discharge as a function of time and space then fol lows from the continuity 

equation: 

q(x,t) = - f f c - * ) or 
dt 

q{x,t) = (ö(L-x)H COS(wr) (3.6) 

So the f low velocity is: 

u(x,t) 
g(x,t) = (o (L -x )H CQS(o)f) 
a(x,t) a0(x) + H sin(wr) 

(3.7) 

The instantaneous sediment transport rate fol lows from the power law: 

s = mu 

s(x,t) =m 
( u(L-x)H COS((x>t) 
[ a0(x) + H sin(wO j 

(3.8) 

The functions u1 = — — — - and s i -
o ) (L -x ) m(u{L-x))n 

respectively u'(x,0) and s'(x,0). 

are normalised by dividing them by 
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The functions are shown in following figures. 

-1.501 1 1 1 1 ' 1 
0 0.20 0.40 0.60 

T 

Figure 3-2 : F low ve loc i ty 

-2.501 ' 1 ' 1 1 r ~ 
0 0.20 0.40 0.60 

Figure 3-3 : Sediment t ranspor t 
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It can be proved by integrating equation (3.8) that the net sediment transport 

over a tidal period is zero: 
T 

sMt(x) = [s(x)ót = 0 (3.9) 
o 

Equation (3.9) is zero, independent of x and of the factor a0/H 

The condition for a dynamic equilibrium profile reads: 
d_ 
dx 

T 

{ S t t 
o 

= 0 (3-10) 

As a result of Snet(x) = fs(x)dt = 0 the condition for a dynamic equilibrium profile is 
o 

always satisfied for any bathymetry zb(x). This is physically not very realistic. 

Conclusions: 

With the model described above the condition for a dynamic equilibrium profile is 

always satisfied for any bathymetry zb(x), as a result of the absence of a net sediment 

transport. 
Apparently too many assumptions are made in the model described above. 

3.3 Extension of the simple single-channel model 

3.3.1 General 

In the simple single-channel model no realistic dynamic equilibrium profile is found. As a 
result of a number of neglected factors there is no net sediment transport over a tidal 
period and this is apparently a prerequisite for a realistic geometry. In this Section 
several factors are added to the previous model to obtain a net sediment transport. 
Six factors are studied. 
1 . down-slope effect 
2. phase-lag between discharge and water depth 
3. higher frequency tidal components (tidal distortion) 
4 . relaxation effect of suspended transport 
5. sediment transport which depends on water depth 
6. incipient motion sediment 
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3.3.2 Down-slope effect 

In general, sediment moves easier downhill than uphill. This effect is called the down-

slope effect. 

In a transport formula which depends only on the local f low conditions, the down-slope 

effect of the bed can be taken into account by adding the term ± p | ^ to the formula for 

transport. The sign of p— is different at flood and ebb tide. 
dx 

during flood: s = mwn(1 - p j ^ ) (3.11a) 

during ebb: S = m « " ( 1 + p | ) (3.11b) 

In the equation p is a constant coefficient. The down-slope coefficient p influences the 
magnitude of the transport rate. Van Lieshout (1993) reports that according to Struik-

C* 
sma (1988), the p-coefficient has a theoretical value of 0 . 0 5 — . 

s 
The extra term acts as a diffusion term. This can easily be seen by substitution of 

s = mw"(1-p—) in the mass-balance equation for sediment. 
dx 

The down-slope then effects the net sediment transport, which can be seen when 
integrating the sediment transport over a tidal period: 

T 

= ƒ * ( * ) * = 
0 

= ƒ s(x)dt + ƒ s(x)dt = 
ebb flood 

= f f > u f l + ro«np — ) d r + f (mu"-munV^)dt = 
ebb d x flood d x 

= f + m M « p SZfJr + f -m M "P -^df = 
J rir J ÓX 

ebb ° X flood C X 

a dz „ „ dz _ 

snet(x)= + 2 p | , £ W > (3.12) 

where sebb is the total ebb-transport when the down-slope effect is not taken into 

account. 

The net transport is directed downhil l , which leads to a horizontal bed profile — = 0 

when the condition for a dynamic equilibrium profile is applied: 
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(3.13) 

wi th as boundary cond i t i one r x = L sntt = 0 

equation (3.13) is then only satisfied when 

& = o =* z = constant 
dx 

Conclusions: 
Extension of the simple model wi th the down-slope effect results in a horizontal 

dynamic equilibrium profile. 

The level of the dynamic equilibrium profile is determined by the boundary condition at 

x = 0: z(0,t) = Zq 

The bed level zb(x) is constant in the whole region, which is still rather unrealistic. 
The impacts on the results regarded, it can be concluded that the down-slope effect 
should be added to the model. 

3.3.3 Phase-lag between discharge and water depth 

Until now the water level in whole basin was assumed to be in phase (i.e. storage basin 

consideration). 
As a result of the tidal propagation the tidal phase is not everywhere the same, but a 
function of x. Consequently there is also a phase-lag between the discharge q(x,t) and 
the water depth a(x,r), as q(x,t) is a result of the variation of the water level in the 
region x to L, see Figure 3-4. 

tide 

datum 

x = 0 * = L 

Figure 3 -4 : Var ia t ion of the wa te r level 
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q(x,t) = ƒ I dx (3.14) 

In case of the phase-lag the f low velocity at a certain location x can be described as: 

(3.15) ( a = gfc*) = cos( ( j f -e ) 
" «(*,») a0(x) + H sin(o)r) 

where 0 is the phase-lag between discharge and water depth. 
Figures 3-5 and 3-6 show respectively the resulting f low velocity and the sediment 

transport. 

1.50 

U\X, t) 1.00 
u'{x,0) 

I 0.50 

0 

-0.50 

-1.00 

-1.50 
0.20 

6 = 0.1 

Figure 3-5 : F low ve loc i ty 

0.40 0.60 0.80 

\ 

/? 1 
& / 

SS / 
/-A—i-

X 
X 

0 I 
f* 1 

/'' / 

1— I ' I ' I ' I 
1.0 

Figure 3-6 : Sediment t ranspor t 
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Figure 3-6 shows that the net sediment transport over a tidal period is directed outward 

for 0 = 0 . 1 . 

If the down-slope effect is also taken into account, the model wil l then result in a single 

equilibrium bathymetry zb(x). 

The bed level is then inclined such that it is deeper landinwards. This is again far from 

realistic. 

Conclusions: 
The effects of the phase-lag on the geometry regarded, it can be concluded that the 

phase-lag has to be added to the model. 

3.3.4 Higher frequency tidal components (tidal distortion) 

So far, the boundary condition consisted out of one harmonic component, viz. the M 2 

component. 

for x = 0: zs = Hs\n(ut) 

However, the boundary condition can contain higher frequency components, M 4 , M 6 

and so on. Higher frequency components are generated both externally (boundary 
condition) and internally (a result of non-linear terms in the momentum equation). 
As a result of the higher frequency components there is a tidal distortion. Due to the 
distortion, the net sediment transport over a tidal period is not beforehand zero. 

boundary condition of the model: 
To the existing boundary condition of the model, one harmonic component is added. In 
many estuaries the M 2 component is the dominating tidal component. Along the Dutch 
coast the most important higher frequency tidal component of the M 2 component is the 
M 4 component, having an amplitude of about 10% of that of the M 2 component (Wang, 
1992). 
A boundary condition of the model which contains the M 2 and M 4 components causes 
an asymmetry in the tide, thus a net sediment transport. 

Wang (1992) determined the net sediment transport as a result of the M 2 and M 4 

boundary condition given by: 
z = a c o s ( — t) + è c o s ( — t - 6) (3.16) 
S \ rjt * ± 

herein: 
zs = water level ^ 
a = amplitude of the M 2 component [ml 
b = amplitude of the M 4 component l m l 
0 = phase-lag of M 4 component [ r a d ] 
T = tidal period [s] 

Again, the sediment transport is calculated wi th the power law, wi th n = b (Engelund 

Hansen). 
,5 

s = m rr 
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Over a tidal period, this leads to a net sediment transport through a cross-section of: 

= J 6 j r W ( 5 4 j j + 30azb*) sine (3.17) 
net , e , ' ' 

herein: 
x = distance between the cross section and the closed boundary [m] 

a 0 (x) = mean water depth l m ] 

In order to see the effect of 0, Figure 3-7 illustrates the impact of 0 for a specific case. 

-1.5 | . 1 '——r——• 1 1 1 1 \ 
0 0.20 0.40 0 .60 t 0.80 1.0 

-41 , 1 . 1 . 1 . 1 • 1 
0 0.20 0.40 0.60 t 0.80 1.0 

Figure 3 -7 : Ef fect of phase-lag 6 on the sed iment t ranspor t 
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The phase-lag 0 of the M 4 component proves to be a very important parameter, as the 
phase-lag 0 determines the magnitude and direction of the net sediment transport. The 
magnitude of the net sediment transport also depends strongly on the distance x and 
the amplitudes a and b. 

internally generated higher frequency components: 
So far the internally generated higher frequencies were neglected. 
Even if the boundary condition contains only an M 2 tidal component, the M 2 component 
still can generate an asymmetry in the tide as a result of shallow water effects. 
Shallow water effects are generated by both hydraulic friction and convection. Both 
terms are non-linear terms in the momentum equation for water and proportional wi th 

the square of the f low velocity. 

Kalkwijk (1975) gives also additional non-linear tide generating phenomena: 
variable storage width as a result of tidal flats 
the tidal propagation velocity is not constant, as it depends on the water depth 
non-linear influences of currents w i th relative high velocities (high kinetic energy) 

These non-linear phenomena can also generate higher frequency components. 

This can be shown by rewriting the hydraulic friction term in Fourier series e.g.: 

u(t) ~ sin(cor) 

R ~ Sin(wr) |sin((or)| = •^sin(o)r) + ^ s i n ^ w r ) + .... 

So, M 2 generates M 6 and higher components as a result of the hydraulic fr ict ion. 

Conclusions: 
As a result of higher frequency components the tide is asymmetric, so a net transport 

will occur. 
Note: As a result of the short length of the model, compared to the tidal wave length, 
internally generated components are not able to develop well and are negligible compa
red to the higher frequency components in the boundary condition of the model. 

3.3.5 Relaxation effect of suspended transport 

It is assumed that the sediment transport only depends on the local f low velocity. This 

is reasonable for bed load transport. 

If there is suspended transport, relaxation in time and space may cause a net sediment 

transport over a tidal period. 
Figure 3-8 illustrates relaxation of suspended sediment transport in t ime. An accelera
ting f low transports less sediment compared to calculations based on the local f low 
velocity only. A decelerating f low transports more sediment compared to calculations 
based on the local f low velocity only. 
Taking this effect into account requires a complete two-dimensional morphological 
computation using the 2-DV convection-diffusion equation, see e.g. De Vries (1994) or 
a depth-integrated model based on the 2-DV convection-diffusion equation (Galappatti, 
1983). 
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S=m u n 
/ 
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ebb flood 

/ 

Figure 3-8 : Relaxat ion in t ime 

This exceeds the scope of this study. Therefore no relaxation is taken into account. 

3.3.6 Sediment transport which depends on the water depth 

The dependence of the sediment transport on the water depth is usually negligible. The 
sediment transport only depends on the f low velocity. 

s = m u" 

3.3.7 Incipient motion 

Sediment transport occurs when the f low velocity is higher than a critical value 
(Shields, 1936). The net sediment transport over a tidal period may be effected as a 
result of this critical value. 

3.3.8 Conclusions 

For a single-channel model, a number of small factors have to be taken into account to 
obtain a more or less realistic net sediment transport over a tidal period. The higher 
frequency components in the boundary condition are the most dominating factors. 
The other studied factors result in a relatively small or zero net sediment transport. 
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3.4 Morphological behaviour 

In this Section the morphological development of a single-channel basin is considered. 
In Section 3.3 it is shown that the boundary condition at the seaside plays an important 
role in the net sediment transport. In this Section it is assumed that there is a net 
sediment transport inward as a result of the boundary condition. 

As a result of the net sediment transport, a sand wave propagates in the basin, till the 
quasi-dynamic equilibrium is reached, see Figure 3-9 (phase e). Van Lieshout (1993) 
demonstrates this wi th numerical computations. 

SEA 

y 
/yyyyyyyyyyyyy/yyyyyy/////////// 

tidal basin 
^77777777777777777777777777777/, 

a 

top view 

cross-section 

Figure 3-9: Quas i -dynamic equi l ibr ium 

Phase e in Figure 3-9 is called the quasi-dynamic equilibrium. In Section 4.2 the shape 

of quasi-dynamic equilibrium profile is calculated. 
In this situation the net sediment transport is equal for every cross-section, thus there is 
no gradient in net transport. However, the net sediment transport is not zero, so it is 
not possible to define a dynamic equilibrium profile, as a result of the boundary 
condition: 

for x = L: snet = ® 

As a result of the inward directed net sediment transport the basin is fil led. 
Figure 3-10 illustrates this in a schematic way (not based on calculations). Finally the 
basin will be filled and the coastline is not interrupted anymore. 
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SEA tidal basin 
W777777777m77777777777m 

top view 9 

Figure 3 -10 : Equi l ibr ium 

cross-section 

In phases a ... e there is much more sediment transported inward than outward over a 
tidal period. In phases f ... h there is only a small difference between the inward and 
outward transported sediment, viz. the net sediment transport is small. 
So phases a ... e will develop faster than phases f ... h. 

3.5 Conclusions 

The use of a simple single-channel model will result in unrealistic results. 
In a simple single-channel model, a quasi-dynamic equilibrium profile can exist as there 

is no gradient in net sediment transport. 
However, the net sediment transport is not zero. As a result of the closed boundary 
condition, only a trivial dynamic equilibrium profile can be defined, viz. a filled basin. 
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4 A simple two-channel model 

4.1 General 

A simple single-channel model has only a trivial dynamic equilibrium profile, viz. a filled 
basin, as a result of the boundary condition: 
f o r x = Z. S = 0 

In this Chapter a two-channel model is considered, as in estuaries often systems of ebb 

and flood channels exist. 
An ebb channel is thereby defined as the channel where the volume of water that 
passes through the channel during the ebb period is bigger than during the flood period. 
A flood channel, in contrast, is defined as the channel where the volume of water that 
passes through the channel during the flood period is bigger than during the ebb period. 
As a result of this phenomenon, there is a net transport in ebb direction for an ebb 
channel and a net transport in flood direction for the flood channel. 
Over a tidal period, horizontal circulation occurs as a result of this net transport. 

4.2 Simple two-channel model 

The simple two-channel model, analysed by Wang (1992), consists of t w o channels, an 
ebb channel and a flood channel. It is assumed that the t w o channels have the same 
geometry. The width of the channels is kept constant. This is illustrated in Figure 4 - 1 . 

SEA 

Figure 4 - 1 : Two-channe l model 

The same assumptions as in the simple single-channel model are applied (i.e. the tidal 

storage consideration). 

At the boundary only the M 2 component is present. 
The water depths in the t w o channels are: 

<hU*>*) = « h W +HsW*t) (4.1a) 

aebb(x,t) = aebbo(x) +HsW*t) (4.1b) 
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herein 

aflocd^X) 

aebbn(x) 

= water depth in the flood channel 

= mean water depth in the flood channel 

= water depth in the ebb channel 

= mean water depth in the ebb channel 

The averaged specific discharge is still 
q(x,t) = o>x H COS(or) 

Lm] 

[m] 

[m] 

[m] 

(4.2) 

but the discharge during ebb and flood through the ebb channel (qe) is different from 
that through the flood channel (qf). 
The following distribution is assumed: 

during ebb: 

and during flood: 

qf = (1 -a)q 

qt = (1 +°0<? 

qf = (1 +a)q 

q. = (1 -a)q 

(4.3a) 

(4.3b) 

(4.4a) 

(4.4b) 

herein is a assumed to be constant. 

q aq q «<7 

discharge ( f ) discharge ( f ) 

Figure 4 - 2 : Cont r ibu t ion of the channels to the d ischarge 

The basin is mainly filled by the flood channel, as can be seen in Figure 4-2. The basin 

is mainly emptied by the ebb channel. 

The discharge can be split up in a symmetric part (<?) and an asymmetric part ( a ^ ) , see 

Figure 4-2. 
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The f low velocity and the sediment transport are not any longer symmetric in the ebb 
and in the flood channel (Figures 4-3 ... 4-6). 

T 

Figure 4 - 3 : F low ve loc i t y , ebb channel 

4.00 

3.00 

5 '(x' f I 2.00 
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J 1.00 

0 

-1.00 

-2.00 

-3.00 

-4.00 
0.20 0.40 0.60 

T 

a = 0.1 EBB CHANNEL 

a =0 A7 = 5 

/ / 
/ / 

/ / 
/ / 

\ \ // 
\ 
\ \ ft 
v \ / / a 0 -? 
\ \ / / H 

\ / \ \ / \ / 
X, / 

. , 1 1 1 1 1 1 
0.80 1.0 

Figure 4 - 4 : Sed iment t ranspor t , ebb channel 

25 



1.50 

U\X, t) 1.00 

u'(x,0)a=0 

i 0.50 

-0.50 

-1.00 

-1.50 

t_ 
T 

Figure 4 - 5 : F low ve loc i ty , f lood channel 

t_ 
T 

Figure 4 - 6 : Sed iment t ranspor t , f lood channel 

In this simple two-channel model, the net transport over a tidal period through the ebb 

channel is: 
T 

se = ƒ sdt = [ ( 1 + a ) " - ( 1 - a ) " k w (4.5a) 
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The net transport over a tidal period through the flood channel is: 
T 

sf = ƒ sdt = [ ( 1 - « r - ( 1 + « ) " ] * - * (4.5b) 

In these t w o equations sM is the same as in the case of the single-channel model. 

The dynamic equilibrium conditions for the ebb and flood channel are respectively: 

— = 0 
dx 

(4.6a) 

and 

i f = o 
ax 

(4.6b) 

For both channels the condition is satisfied for a * 0 if and only if: 

as. 'ebb 

dx 
(4.7) 

sebb = F ( 0 = constant 

where sebb is the total ebb-transport defined as sM = ƒ mun d t. 
ebb 

(4.8) 

This equation can be solved analytically. 
For n = 3 (power in the transport formula) the solution is: 

s*b = -m <x>2 x* 

2^2 
H 

Oq _ 1 

In 

a - Ï + 1 

Of, — - 1 
H 

= constant (4.9) 

and for aj = 5: 

'ebb 
4 5 

•m 0) x 

10 
3 H [Hj 

^ 2 
In 

+ 1 
H 

- 1 
1 

= constant (4.10) 

In general Sebb = m W 

„-1 xn pK constant (4.11) 

For the distance x equation (4.11) can be rewritten into: 

x = 
'ebb 

m O) n-1 

1 
(4.12) 
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where L = \bb 
n-1 is a characteristic length scale and g/^J = ( F0j j 

This characteristic length scale can be estimated by: 

'ebb ~ - m un T 

a) = 
2iz 

hence 

2 U * J 

«-1 
w r (4.13) 

where u is a characteristic velocity scale during the tidal period. 

Figure 4-7 shows the results of equations (4.9) and (4.10). 
The water depth a0 is normalised wi th the tidal amplitude /Vand the horizontal coordina

te x is normalised wi th L. 

H 

12 10 

L 
• Figure 4 - 7 : Dynamic equi l ibr ium prof i le for n = Z and /7 = 5 

In this simple model, the shape of the ebb and flood channels are the same, this fol lows 

from the assumption that a is constant and because the condition for a dynamic 

equilibrium profile is satisfied by only one equation, namely 
as 'ebb 

8X 

Figure 4-7 shows that the power n in the transport formula has little influence on the 
shape of the channel. For both values of n a nearly linear relation between water depth 
and the horizontal coordinate is found. This agrees well w i th the empirical relation that 
the cross-section area should be proportional to the tidal volume (Allersma, 1994). 
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4.3 Conclusions 

With the simple two-channel model, a well-defined dynamic equilibrium profile exists. 
In the simple single-channel model, only a quasi dynamic equilibrium profile exists as a 
result of the closed boundary condition which superimposed the condition s = 0 on the 

ds 
basic condition for dynamic equilibrium (— = constant). 

ox 
In the simple two-channel model the closed boundary becomes an internal boundary: 

2 
S S, = 0 
i=i 

herein: 

5 2 = Snetebb 

So there is a dynamic equilibrium i f : - S w w = SnetM 

As a result of this, a horizontal circulation occurs, see Figure 4-8. 

flood channel ebb channel 

cross-section 

I 
I horizontal circulation 
I 'net 

V/, top view 
Figure 4 - 8 : Hor izontal c i rcu la t ion 
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5 Reference case 

5.1 General 

In this Chapter first a description is given of the ebb and flood channel systems of the 
Western Scheldt. Secondly an ebb and flood channel system is chosen as a reference 
case. Geometrical, hydraulic and morphological characteristics about the chosen ebb 
and flood channel system are gathered in order to get proper dimensions for the 
numerical model, see Chapter 6. 

5.2 Western Scheldt 

Figure 5-1 shows the bathymetry of the Western Scheldt, Annex 1a shows Figure 5-1 

in colour. 

10 km I N 
Vlissingen ~ ^ Hansweert 

- 5 0 0 0 - 2 S 0 0 - 1 5 0 0 - 5 0 0 - 1 2 5 

• Figure 5 - 1 : Ba thymet ry of the Wes te rn Scheldt (1992) 

It can be seen that systems of ebb and flood channels are connected from Vlissingen to 
Antwerp. In the systems, the ebb and flood channels become shorter landinwards and 
the ebb channels form more or less a through channel from the North Sea to Antwerp. 
The system 'Pas van Terneuzen - Everingen', see Fig. 5-2, is chosen as reference case 
because the available discharge and sediment-transport measurements which were 
carried out by Ministry of Public Works and Transport (RWS) in September 1993, for 
the design of a planned bridge and tunnelcomplex. 
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5.3 Aerial view of the 'Pas van Terneuzen - Everingen' 

• Figure 5-2 : 'Pas van Terneuzen - Ever ingen ' : 
above : ba thymet ry 
be low: ske tch (d i f ferent scale) 

In the chosen system, the 'Pas van Terneuzen' is the ebb channel and the 'Everingen' 
the flood channel. The 'Pas van Terneuzen' and 'Everingen' are separated by shallows 
(tidal flats) and there are some small gullies which connect the t w o channels at several 
places. 

The channels are different in length: 
The 'Everingen' is about :14 km 
The 'Pas van Terneuzen' is about :18 km 
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According to literature (e.g. Van Veen, 1950), in general, flood channels begin deep 
and narrow at the seaside and end shallow and wide at the landside, in contrast to ebb 
channels. These end shallow and wide at the seaside and end deep and narrow at the 
landside. This is, however, hard to see in Figure 5-2. 
Both the ebb and flood channels are situated in a bend. The western part of the bend 
has a radius of 9 km and the eastern part of 7 km (Allersma, 1992). 

5.4 Available data 

5.4.1 Cross-section 

Figure 5-2 shows the location of the cross-section of the ebb and flood channel which 

is represented in Figure 5-3. Annex 1 gives more detailed information about the 

location. 
The profile of the cross-section was measured in detail by RWS in September 1993. 

South 
North 

Pas van Terneuzen 
9 10 

NAP 

Everingen 
12 13 14 15 16 17 

1 km 

now area below NAP - 24000 m» flow area below NAP-31000 m' 

Figure 5-3 : Cross-sect ion 

5.4.2 Hydraulic data 

water levels 
From t w o water-level gauges, Vlissingen and Terneuzen, the data of the tidal compo

nents are available. 

The most important semi-diurnal components are respectively M 2 , S 2 , N 2 . The most 
important quarter-diurnal components are respectively M 4 , M S 4 . 

Annex 2 gives detailed information of the 32 main tidal components for Vlissingen and 

Terneuzen. 

discharge 
The t ida l pr ism and the f lood vo lume of the Wes te rn Scheldt is represented in 

Figure 5-4 . 
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The d ischarge of the River Scheldt var ies f r o m 50 m 3 / s in the summer period t o 

1 8 0 m 3 / s in the w in te r period (Al lersma, 1 9 9 2 ) . 

Dur ing the measurements in September 1 9 9 3 the local d ischarge w a s measured 

in the ebb and f lood channels , 'Pas van Terneuzen - Ever ingen ' (Figure 5-5) . 

• io 8 m3 10 

80 100 120 140 160 km 

Figure 5-4: Tidal pr ism (after A l le rsma, 1992) 

m 3 / s 
m above NAP , 

• i o 3 

Figure 5-5: Measured d ischarges, September 1 9 9 3 (RWS) 

The measured vo lume of wa te r tha t passed the cross-sect ion of a channel 

dur ing the ebb and f lood period is s h o w n in Table 5 . 1 . 
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channel \ period ebb f lood ebb - f lood 

[ 1 0 6 m 3 ] [ 1 0 6 m 3 ] [ 1 0 6 m 3 ] 

Pas van Terneuzen 3 6 9 3 1 1 58 

Everingen 3 6 6 4 7 7 -111 

to ta l 7 3 5 7 8 8 -53 

Table 5 . 1 : Measured vo lume of wa te r tha t passed the cross-sect ion of a 

channel 

Acco rd ing to Table 5.1 the 'Pas van Terneuzen ' is ebb domina ted and 'Ever in

g e n ' f lood domina ted . The order of magn i tude of the vo lumes of Table 5.1 is in 

agreement w i t h Figure 5-4 . 

The vo lume of wa te r tha t passes th rough each channel dur ing each ebb and 

each f lood period is abou t 3 .5 1 0 9 m 3 . 

The last co lumn of Table 5-1 s h o w s the d i f ference be tween the to ta l vo l ume of 

wa te r tha t passes the channels dur ing f lood and dur ing ebb. The net vo lumes 

are not real. Consider ing the who le sys tem, it is not possible tha t there is a net 

f l o w in f lood d i rect ion as the sys tem is v i r tua l ly c losed w i t h on ly a smal l 

t r ibu tary river i n f l ow . The d i f fe rence is due to errors in the measurements . 

The errors in the measurements are est imated accord ing to ISO ( 1 9 7 4 ) , see 

Annex 3. 

In the est imate it is assumed tha t the to ta l error in a measurement is normal ly 

d is t r ibuted and tha t all measurements are comp le te . The relat ive s tandard 

dev ia t ion is t hen about 5 % per measurement (Annex 3 ) . 

This leads to a relat ive s tandard deviat ion for the ebb and f lood vo lume of: 

— -5% = 0.8% 
v/37 

whe re 37 is the number of measurements per fo rmed dur ing the ebb and the 

f lood per iod. 

This result is an upper l imit for the accuracy for the g iven number of measur ing 

points . 

The result is in con t ras t w i t h Table 5.1 where an error of abou t 5 % occurs . 

The d iscrepancy be tween the est imated error and observed error can reasonably 

we l l be explained by the fac t tha t the measurements are not comp le te , as is 

assumed in Annex 3. 

A s a result of the error it is impossible to determine the net vo lume of wa te r 

t ha t passes a channel over a t idal per iod. 
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5.4.3 Morphological data 

sediment transport 

The sed iment t ranspor t was measured in several po ints v iz . m p . 2 , m p . 4 , m p . 6 , 

m p . 7 , m p . 1 2 , m p . 1 6 (mp. = measur ing po in t ) . For the locat ion of these po in ts 

see Figure 5-3 and Annex 1 . For the points 6 , 12 and 16 the measurements are 

comp le te . 

Acco rd ing to the data there is a s ign i f icant sed iment concen t ra t i on all over the 

ver t ica l . This i l lustrates tha t there is suspended load next to bed load. 

To i l lustrate th is Figure 5-6 gives an example of the measured sed iment concen 

t ra t ion prof i les at measur ing point 6. 

10m 

20 m 

120 em/3 

time 06:29 - 06:48 

10m 

20m 

40 80 cm/s 

80 mg/l 

V time 09:00 - 09:17 

-80 

time 11:28 - 11:41 

80 

-80 

40 

•40 

Bm« 16:21 - 16:35 

80 40 

0 cm/s 

10 m 

20 m 

0 mg/l 

0 cm/s 

10m 

20m 

0 mg/l 

time 14:03 - 14:18 

0 em/s 

10m 

0 mrj/l 

flow velocity | cm/s] 

sediment concentration [ mg/l ] 

Figure 5-6: Examples of some sed iment concen t ra t ion prof i les (mp. 6) 

Figure 5-7 s h o w s the measured sediment t ranspor t . 
The measurements , dur ing the ebb and f lood per iods, in the ebb and f lood 
channels are used to get an impression of the sed iment t ranspor t . 
Measur ing po int 6 is used to est imated the sed iment t ranspor t for the who le ebb 
channe l . Measur ing points 12 and 16 are used to es t imated the sed iment 
t ranspor t for the who le f lood channe l . The to ta l sed iment t ranspor t is def ined 

a S : \Sebb\ + \Sflood\ 
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sediment transport 

water level w.r.t. NAP [ kg m S ] 

Measuring point 16 

3 September 1993 
Figure 5-7 : Measured sed iment t ranspor t mp . 6, 12 and 16 

measuring point sediment transport 
ebb period 
[ton m"1] 

sediment transport 
flood period 

[ton m"1] 

total sediment 
transport 
[ton m"1] 

6 10.7 7.4 18.1 

12 1.8 8.8 10.6 

16 5.0 2.6 7.6 

Table 5-2 : Sediment t ranspor t at measur ing point 6 , 12 and 16 . 

Table 5-2 conta ins the integrated sed iment t ranspor t perpendicular to the cross-

sect ion over the ebb and f lood period f r o m Figure 5-7 . 

ebb channel 'Pas van Terneuzen ' : 
The es t imated amoun t of sed iment tha t passes the cross-sect ion of the ebb 

channel over a t idal period is determined by s impl i fy ing the c ross-sect ion of the 

'Pas van Terneuzen ' to a rectangular prof i le , see Figure 5-8 . 

mp. depth at estimated estimated estimated estimated mp. 
measuring point averaged averaged sediment transport sediment transport 

depth width ebb period flood period 

profile profile 

[m] [m] [m] [ton] [ton] 

6 29 29 1000 10.7 • 10 3 7 . 4 - 1 0 3 

Table 5-3 : Est imated sed iment t ranspor t , ebb channel 
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If the poros i ty is 4 0 % then th is is equal to about 7 - 1 0 3 m 3 sed iment (bulk) 

dur ing the ebb period and 5 - 1 0 3 m 3 sed iment dur ing the f lood per iod. 

f lood channel 'Eve rd inaen ' : 
In a similar w a y the amoun t of sed iment tha t passes the cross-sect ion of the 

f lood channel over a t idal per iod is est imated by s impl i fy ing the cross-sect ion of 

the 'Ever ingen ' to a rectangular prof i le, see Figure 5-8. 

mp. depth at 
measuring 

point 

[m] 

estimated 
averaged 

depth 
profile 

[m] 

estimated 
contribution 
to averaged 

width 
profile 

tm] 

estimated 
sediment transport 

ebb period 

[ton] 

estimated 
sediment transport 

flood period 

[ton] 

12 10 16 750 2.2* 10 3 10.6* 10 3 

16 9 16 750 6.7 • 10 3 3.5* 10 3 

total 8.9 • 10 3 14.1 • 10 3 

Table 5-4: Est imated sed iment t ranspor t , f lood channel 
If the poros i ty is 4 0 % then the est imated amoun t of sed iment t ha t passes the 

cross-sect ion of the f lood channel is equal to about 6 - 1 0 3 m 3 sed iment (bulk) 

each ebb period and 9 - 1 0 3 m 3 each f lood per iod. 
South 

P a s van Terneuzen 
6 

Everingen 

NAP 

1 6 m 

, 1000 m , 
h — H 

flow area below NAP - 24000 m* 

flow area below NAP - 31000 m» 

1 km 
schematised channel 1 1 

Figure 5-8: Schemat isa t ion of the cross-sect ions to rectangular prof i les 

The error in the sed iment t ranspor t measurements is es t imated in the same w a y 

as for the d ischarge of wa te r , see Annex 3. The error in the sed iment concen t ra 

t ion measurement is also taken into accoun t . 

The relat ive s tandard dev ia t ion is then about 5 % (Annex 3) . 
This leads to a relat ive s tandard dev ia t ion in the sed iment t ranspor t dur ing ebb 

37 



and f lood of: 

— -5% = 0.8% 
v/37 

Again the es t imated error is t oo opt imis t ic . 

diameter sand 

The diameter o f the sand in the cross-sect ion can be character ised w i t h D 9 0 , 

D5Q, D 1 0 . Table 5-6 s h o w s the d iameters in the measur ing points 6, 12 and 16 . 

The diameter of the sand is required for the sed iment t ranspor t fo rmu la . 

measuring point £>90 £>50 010 
[pm] [/vm] U/m] 

6 4 3 0 3 2 0 2 3 0 

12 4 5 0 2 9 4 198 

16 2 8 2 2 0 6 158 

Table 5-6: Sand d iameters 

5.5 Summary 

Systems of ebb and f lood channels cons is t in the Wes te rn Scheldt es tuary . The 

ebb channel f o rms more or less a th rough channel f r o m Vl iss ingen to A n t w e r p . 

The ebb and f lood channels becomes shorter land inwards . 

In general the f lood channels are shorter than the ebb channels . 

In the Wes te rn Scheldt the ebb and f lood channel 'Pas van Terneuzen - Everin

g e n ' is taken as a reference case. The fo l l ow ing data is avai lable: 

1 . The most impor tan t t idal componen ts are M 2 , S 2 , N 2 , M 4 and M S 4 . These 

componen t s are k n o w n for Vl iss ingen and Terneuzen. 

2 . The d ischarge and sed iment t ranspor t are de termined in order of magn i tu 

de by measurements . 

3. The d ischarge of wa te r is about 3.5 • 1 0 9 m 3 each ebb and f lood per iod for 

each channe l . 

4 . For the 'Pas van Terneuzen - Ever ingen ' , the d ischarge of the River 

Scheldt is negl igible compared to the d ischarge due to the t idal m o t i o n . 

5. The es t imated amoun t of sed iment tha t passes the c ross-sect ion of a 

channel dur ing the ebb and f lood period is abou t 6 - 1 0 3 m 3 for the ebb 

and f lood channel each . 

6. Sand d iameter D 5 0 is about 2 0 0 to 3 0 0 / / m . 

7. There is suspended in addi t ion to bed load. 
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6 Schematic representation of reference case 

6.1 General schematisation 

In Chapter 5 a general descr ip t ion is g iven of the reference case 'Pas van 

Terneuzen - Ever ingen ' . 

In th is Chapter it is t r ied t o model th is sys tem. First a t ten t ion is g iven to the 

geomet ry of an ebb and f lood channel sys tem and the boundary cond i t ions t o be 

appl ied to a model of such a sys tem. 

Later on the reference case is schemat ised into a s imple I D - n e t w o r k mode l . 

The d imens ions of the I D - n e t w o r k model are of the same order as in the 

reference case. 

6.2 Geometry of an ebb and flood channel system 

6.2.1 General 

The geomet ry of the main ebb and f lood channels have to be chosen in such a 

w a y tha t the re levant physical processes are taken into accoun t . As s ta ted in 

Chapter 4 , c i rcu la t ion is impor tan t for an ebb and f lood channel s y s t e m . 

Next to the main channels there are smal l gull ies in the sys tem w h i c h connec t 

the t w o channels at several p laces, see Figure 5-2 . In the schemat isa t ion these 

gull ies are neg lec ted. It is assumed tha t these gull ies are on ly impor tan t w h e n 

t w o - and three-d imensional phenomena are taken into accoun t . 

BRANCH 2 

BRANCH 1 BRANCH 3 BRANCH 4 BRANCH 5 
Figure 6 - 1 : Conf igura t ion of an ebb and f lood channel sys tem 

The model of the ebb and f lood channel sys tem cons is ts of f ive c h a n n e l s : t w o 

channels , b ranch 2 and 3 are respect ive ly the 'Ever ingen ' and the 'Pas van 

Terneuzen ' . Branch 1 represents the connec t ions to the sea and branch 4 

connec ts the sys tem to another sys tem (branch 5 ) . 

For a one d imensional approach each channel is character ized by four parame

ters , v iz . : 

1 . length of the channe l , L 

2. w i d t h of the channe l , B(x) 

3. Chézy coe f f i c ien t of the channe l , C(t) 

4 . wa te r dep th of the channe l , a(x) 
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The bed level of the channel is determined by the averaged wa te r level and the 

wa te r dep th . As the morphodynamica l deve lopment of the sys tem is cons idered , 

the wa te r dep th is taken as the dependent var iable. 

So the three remain ing parameters v iz . the leng th , w i d t h and Chézy coe f f i c ien t 

of the channels have to be chosen proper ly t o create an ebb and f lood channel 

sys tem. 

6.2.2 Parameters 

W i d t h of the channels : 

For an ebb and f lood channel sys tem it is impor tan t tha t the w i d t h of the 

channels alter. W h e n the w i d t h and dep th of the ebb channel is cons tan t and 

the same as the w i d t h of the f lood channe l , the channels are ident ical and no 

c i rcu lat ion wi l l occur due to the w i d t h or dep th of the channels . 

However , if the w i d t h of a channel alter along the channe l , c i rcu la t ion of wa te r 

occurs as a result of the convec t i ve t e rm in the m o m e n t u m equa t ion . This is 

s h o w n in Annex 4 for a s teady f l o w s i tua t ion . 

The change in w i d t h wi l l also e f fec t the wa te r dep th . It is l ikely to expec t t ha t a 

large w i d t h cor responds w i t h a small wa te r dep th . This is in agreement w i t h 

observat ions (Van Veen , 1 9 5 0 ) . 

Chézv coe f f i c ien t w h i c h depends on f l o w d i rec t ion : 
For an ebb and f lood channel sys tem it is also impor tan t tha t the Chézy value 

alters as c i rcu la t ion occurs w h e n the Chézy coef f i c ien t depends on the f l o w 

d i rec t ion . 
The Chézy coe f f i c ien t is chosen for the f lood channel such tha t : 

^flood > Cebb 

and for the ebb channel such tha t : 

Cebb > Cflood 

It f o l l ows tha t the ebb and f lood f l o w wi l l be unequal w h e n the w i d t h of the 

channels is cons tan t and there is no river d ischarge: 

For the f lood channel it y ie lds: 

ƒ Q(t) dt > ƒQ(t) dt 
flood ebb 

For the ebb channel it y ie lds: 

ƒ Q(t) dt > ƒ Q(t) dt 

ebb flood 

W h e n the t w o channels are considered as a who le and under the assumpt ion 

the river d ischarge is zero, it f o l l ows : 

ƒ Q{t) dt = ƒ Q(t) dt 
ebb flood 
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This is not the only e f fec t . As a result o f the Chézy coe f f i c ien t w h i c h depends 

on f l o w d i rec t ion , not only the discharges th rough the channels change but also 

the M 4 componen t is e f f ec ted . 

Fokkink (1995) demonst ra tes tha t the M 2 c o m p o n e n t remains the same w h e n 

the fo l l ow ing cond i t ion is fu l f i l led: 

J _ = 1 J L + 1 _ L (6 .D 
C 2 2 r 2 2 c2 

• *"ebb '"flood 

In Annex 5 it is s h o w n tha t as a result of the Chézy coe f f i c ien t , w h i c h depends 

on the f l o w d i rec t ion , the M 4 componen t is in f luenced. 

As the combina t ion of the M 2 and M 4 componen ts determines the magn i tude 

and d i rect ion of the net sed iment t ranspor t , a Chézy coe f f i c ien t w h i c h depends 

on the f l o w d i rect ion should be added to any estuar ien mode l . 

Length of the channels : 
In general , the length of the ebb channel is larger than the length of the f lood 

channe l . As a result of d i f fe rent lengths of the ebb and f lood channe ls , the 

discharges th rough the channels d i f fer for ident ical c ross-sect ions due to 

d i f ferences in res istance. The resistance depends on the Chézy coe f f i c ien t , 

wa te r depth and also the length of the channe l . 

As a result o f the t idal p ropagat ion , there wi l l be a phase d i f fe rence b e t w e e n the 

channels . 

6.3 Boundary conditions 

6.3.1 General 

Besides a proper geomet ry boundary cond i t ions also have to be chosen . 

The are t w o types of boundary cond i t ions : 

1 . boundary cond i t ions at the borders of the model (points a and e) 

2. internal boundary cond i t ions (points b and c) 

Type 1 . and 2 . conta in hydraul ic and morpholog ica l boundary cond i t i ons . Type 

1 , cond i t ions are necessary to dr ive the mode l . 

Type 2 . cond i t ions are necessary to close the sys tem of equat ions at the points 

where the channels b i furcate and where the channels congrega te . 
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6.3.2 Boundary conditions at the borders of the model 

seaside of the model (point a) 

Hydraul ic boundary cond i t i on : 

A t the seaside the wa te r level is induced by t w o harmonic componen t s v iz . 

a semi-diurnal and a quarter-d iurnal componen t . 

This is a schemat isa t ion of reali ty as many harmonic componen ts are present . A 

numer ical ca lcu la t ion should be carr ied ou t at least over the per iod of the 

longest per iod of componen t present at the boundary . This is pract ical ly 

impossible to handle. 

However , not all componen ts are tha t impor tan t for the morpho log ica l deve lop

ment . Impor tan t componen ts are the semi-diurnal and quar ter-d iurnal c o m p o 

nents . In Chapter 5 it is s tated tha t the M 2 , S 2 and N 2 are the domina t ing semi 

diurnal componen ts and M 4 and M S 4 are the domina t ing quar ter-d iurnal c o m p o 

nents . 

The ampl i tudes and phases of these componen ts are composed as s h o w n in 

Figure 6-2. 

maximum 

compounded quarter-diurnalcomponent compounded semi-diurnal component 

Figure 6 -2 :Compounded semi-diurnal and quarter-d iurnal c o m p o n e n t s 

The ampl i tude and phase of the compounded semi-diurnal c o m p o n e n t are c o n 

s t ruc ted by adding the M 2 , S 2 and N 2 componen ts to each o ther , their phase 

d i f ferences tak ing into accoun t . The f requencies of the semi-diurnal c o m p o n e n t s 

are taken the same as the M 2 componen t . 

The compounded quarter-d iurnal componen t is cons t ruc ted by add ing the M 4 

and M S 4 t o each other . The f requency the M S 4 c o m p o n e n t is taken the same as 

the M S 4 c o m p o n e n t , see also Figure 6-2. 
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Morpho log ica l boundary cond i t i on : 
The phase d i f fe rence be tween the M 2 and M 4 componen ts is such tha t net 

sed iment t ranspor t over a t idal period is d i rected land inwards . This impl ies one 

incoming character is t ic at the model boundary , so one boundary cond i t i on mus t 

be prescr ibed. A t the seaside the bed level or the sed iment t ranspor t has to be 

f ixed as boundary cond i t i on . 

landside of the model (point e) 

Hydraul ic boundary cond i t i on : 
As there is no river d ischarge assumed (Qriver = 0 ) , at the end of the model the 

d ischarge is prescr ibed (Ü = 0 ) . 

Morpho log ica l boundary cond i t i on : 
There is no incoming character is t ic at the model boundary , so a boundary 

cond i t ion does not have to be prescr ibed. 

6.3.3 Internal boundary conditions 

Nodal point relation 

The are t w o nodal points in the mode l . The nodal point b is a bifurcation dur ing 

the f lood period and turns into a confluence dur ing the ebb per iod. The nodal 

point c is a conf luence dur ing the f lood period and tu rns into a b i fu rca t ion dur ing 

the ebb per iod. 

A t a nodal po in t , regardless whe the r it is a con f luence or a b i fu rca t ion , the 

fo l l ow ing t w o cond i t ions have to be sat is f ied: 

m 
1 . mass-balance of wa te r : S Qt = 0 (6.2) 

i=i 

m 
2. mass-balance of sed iment : S S, > = 0 (6.3) 

herein 

m 

discharge f r om branch / ' to the nodal po in t 
sed iment t ranspor t f r o m branch / t o the nodal po in t 
number of branches connec ted to the nodal point 

[ m 3 / s ] 

[ m 3 / s ] 

[-] 

For a confluence the sys tem of equat ions is c losed. 

For a bifurcation, however , t w o extra equat ion are needed. A n equat ion w h i c h 
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descr ibes tha t the water leve l is the same for all branches at the nodal po in t . The 

other equat ion descr ibes the d is t r ibut ion of sed iment over the branches. 

W a n g (1993) der ived a condi t iona l ly stable nodal point relat ion of a f o r m equal 

to Equat ion (6 .4 ) . 

The l v a l u e in Equat ion (6.4a) ... (6 .4c) determines whe the r or not the nodal 

po in t relat ion is s tab le, but it also determines the t ime scale of the morpho log ica l 

process and the equi l ibr ium depths of the channels w h e n the w i d t h s of the 

channels d i f fer at the nodal po int . 

The nodal point relat ion is stable w h e n the sed iment d is t r ibu t ion over the 

branches is such tha t bo th channels s tay open . The nodal po in t re lat ion is stable 

w h e n k > n/3 (where n is the exponen t in the power law for sed iment t rans

por t ) . 

In the Wes te rn Scheldt ebb and f lood channels exist for a long t i m e , so it is 

l ikely to expec t tha t bo th channels s tay open . A stable nodal po in t relat ion is 

thus requi red. 

The nodal point b connec ts the branches 1 , 2 and 3 and for th is point the 

fo l l ow ing equat ions are prescr ibed: 

Branch 1 

Branch 2 : 

Branch 3: 

Q3) 

<QAk 

\B3) 

(6.4a) 

(6.4b) 

(6 .4c) 

Nodal point c can be t reated in a similar w a y . 

6.4 Sediment transport 

BRANCH 1 

BRANCH 2 

BRANCH 3 

AS 

i 
d e 

BRANCH 4 BRANCH 5 

Figure 6 -3 : W i t h d r a w of sed iment 

The t idal pr ism of the ebb and f lood channel sys tem is small compared to t he 
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t idal pr ism of the estuary . In order to cont ro l the f l o w ve loc i t ies in the ebb and 

f lood channel sys tem, a basin is added to the model to s imulate the t idal pr ism 

of the estuary (branch 5) . As a result of the prescr ibed boundary cond i t ion 

(point a) the net sed iment t ranspor t is d i rected land inwards . This net t ranspor t 

w i l l be w i t h d r a w n f r o m the basin. In th is w a y the c losed boundary wi l l no t 

in f luence the dynamic equi l ibr ium prof i le. 

The sed iment t ranspor t depends on the local hydraul ic cond i t ions on ly . The 

sed iment t ranspor t is ca lcu lated w i t h the Engelund-Hansen fo rmula (so n = 5). 

The to ta l amoun t of sed iment t ranspor t in the model is ad justed to the reference 

case by chang ing e .g . the d iameter of the sand . 

6.5 Schematisation of the reference case 

6.5.1 General 

In the previous Sect ions the impor tan t parameters and boundary cond i t ions have 

been descr ibed. In th is Sect ion numer ical values are ass igned. Figure 6-4 gives 

the f inal resul t . 

In Chapter 7 a number of parameters of th is model are s l ight ly changed in order 

to see the impacts on morpho log ica l behaviour . 

Branch 1 

5 km 

Branch 2 

Branch 3 
16 km 

Branch 4 Branch 5 

3 km 15 km 

SCHEMATIC REPRESENTATION 

1 j l ^ k m 1 1 
2.0 o.o Km f _ _ , 

i 2.0 km 
L » 

] l . 5 
PLAN VIEW 

I i 

3.5 km 10 km 

i 

XL 

20 m 

INITIAL BOTTOM PROFILE 

Figure 6-4 : Schemat ic representat ion 

~ 23 m 

45 



6.5.2 Geometry of the channels 

The f l o w w i d t h is taken equal to the s torage w i d t h . The size of the basin 

(branch 5) is taken such tha t the t idal pr ism is roughly the same as in the 

reference case, see Figure 6-4 . 

Length of the channels 

In Figure 6-4 the length of branches 2 and 3 is 16 k m . In th is w a y the ebb and 

f lood channels are symmet r i ca l . 

Width of the channels 

2.0 km 

1.5 km 

16 km . 
h H 

Figure 6-5 : Change in w i d t h , ebb and f lood channels 

The banks are f i xed . There is a gradient in w i d t h , see Figure 6-5 . The change in 

w i d t h is taken linear for s impl ic i t ies sake on ly . 

Chézy coefficient 
A t f i rst the Chézy coef f i c ien t is taken cons tan t (not dependent of the f l o w 

veloc i ty) and the same for bo th channels , v iz . 50 r rvVs . 

initial bed level 

The bed level in the channels w i l l be ca lcu lated w i t h SOBEK. The init ial va lue o f 

the depth is 20 m. 

6.5.3 Boundary conditions 

Hydraulic characteristics 
A t the seaside a wa te r level is induced by t w o harmonic componen t s v iz . 

a semi-diurnal and a quarter-d iurnal componen t . 

h(f) = 2.00 cos(« r - ±) + 0 .20cos (2o>* - ±) 

h e r e i n : <° = [ S " 1 ] 
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The ampl i tudes of the semi- and quarter diurnal c o m p o n e n t are chosen be tween 

the averaged and m a x i m u m value possible and the phases are chosen such tha t 

the net sed iment t ranspor t is d i rected land inwards . 

A t the landside end of the model (point e) the d ischarge is zero. 

Morphological characteristics 

A t the seaside the bed level is f ixed at NAP - 2 0 m. 

Nodal point relation 

For k the value of 2.5 is chosen as some exper imenta l data (Roosjen and 

Z w a n e n b u r g , 1995) s h o w tha t k may be in th is order. 
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7 SOBEK computations 

7.1 General 

The model SOBEK has been used to compu te the morpho log ica l deve lopmen t . 

Annex 6 descr ibes, in brief, the w a y SOBEK t reats an estuar ine morpho log ica l 

compu ta t i on . 

In general a numer ica l model has the d isadvantage t ha t it is not immedia te ly 

clear in w h a t w a y the var ious parameters in f luence the resul ts . For th is purpose 

a parameter s tudy has to be per fo rmed, in w h i c h each parameter is var ied 

independent ly . In order to invest igate the in f luences of the var ious parameters 

on the morpho log ica l deve lopment of the ebb and f lood channe ls , the mode l as 

descr ibed in Chapter 6 wi l l be taken as scenario 1 , and var ious parameters wi l l 

be var ied . In th is Chapter six scenar ios are w o r k e d ou t . 

First the numer ical parameters for the model SOBEK are presented. Subse

quent ly the results of the scenar ios are s h o w n and d iscussed. 

Note : For the compu ta t i ons the compu te rp rog ram SOBEK (deve lopment vers ion 

1.00) is used. As the program is stil l in deve lopment the in tegrated sed iment 

t ranspor t as is s h o w n in graphs for Annex 7 ... 12 s h o w s somet imes a w r o n g 

value at the end of a b ranch. However , SOBEK uses the r ight value to c o m p u t e 

the bed level . 

7.2 Numerical parameters of SOBEK 

spatial step 

Figure 6-4 s h o w s the geomet ry of the mode l . 

For all scenar ios the fo l l ow ing spatial step sizes are used: 

Branch spatial s tep (Ax) number of cells 

1 1 k m 5 

2 1 k m 16 

3 1 km 16 

4 1 km 3 

5 15 k m 1 
To make sure the spacial step size does not in f luence the so lu t ion , the spat ial 

step size has been checked by ver i fy ing a same compu ta t i on w i t h the half 

spat ial s tep size. 
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hydraulic module 

boundary cond i t ions : 

branch 1 at x = 0 m: 

h(t) = 2.00 cos(ow - | ) + 0 . 2 0 C O S ( 2 G W - | ) 

herein: w = 
44700 

[s- 1] 

branch 5 at x = 15 k m : Q(t) = 0 

numer ical parameters of the hydraul ic modu le : 
A f = 3 0 0 s (Courant number « 4) 
j = 4 4 7 0 0 s 

adapta t ion t ime = 2 t ides 

To make sure the t ime step does not in f luence the so lu t ion , the t ime s tep has 

been checked by ver i f y ing a same compu ta t i on w i t h the half t ime s tep . 

The storage w i d t h of the channels is chosen equal to the f l o w w i d t h of the 

channels . 

transport and bed-level module 

boundary cond i t ions : 

branch 1 at x = 0 m: zb = NAP - 20 m 

The morpho log ica l deve lopment of branch 5 is not taken into accoun t as th is 

branch is only added to s imulate the t idal p r ism. 

In branch 5 at x = 0 m sed iment is w i t h d r a w n to make sure the branch w i l l no t 

fi l l up w i t h sed iment (AS = 2.125 m 3 / s ) . 

numer ical parameters of the bed-level modu le : 
& t m n r n h = 100 t ides = 100 • 4 4 7 0 0 s 

All compu ta t i ons star t at the January 1st 1 9 9 0 ( 1 9 9 0 - 0 1 - 0 1 ) . 

numer ica l parameters of the t ranspor t modu le : 
For the sed iment t ranspor t the Engelund Hansen fo rmula is used , so n = 5. 

« 52 days (Courant number « 0 .5) 

The nodal point relat ion reads: — = — • — 
S 2 {Q2) \B2) 

In th is relat ion k = 2.b is chosen . 
The d iameter of the sand: D R n = 2 0 0 /vm in the compu ta t i on . 
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7.3 Scenarios 

Six scenar ios are w o r k e d ou t . The parameters used for the d i f fe ren t scenar ios 

are s h o w n in table 7 - 1 . 

scenar io 1 2 3 4 5 6 

f lood channel (branch 2) 

w i d t h begin [km] 1.5 1.75 1.75 1.75 1.5 1.5 

end [km] 2 .0 1.75 1.75 1.75 2 .0 2 .0 

Chézy f lood [m 1 / 2 / s ] 50 50 5 7 . 1 5 5 0 5 7 . 1 5 5 7 . 1 5 

coef f i c ien t 
ebb [m 1 / 2 / s ] 50 50 4 5 5 0 4 5 4 5 

length of channel [ km] 16 16 16 14 16 16 

ebb channel (branch 3) 

w i d t h begin [km] 2 .0 1.75 1.75 1.75 2 .0 2 .0 

end [km] 1.5 1.75 1.75 1.75 1.5 1.5 

Chézy f lood [m 1 / 2 / s ] 50 50 45 50 4 5 45 

coef f i c ien t 
ebb [m 1 / 2 / s ] 50 50 5 7 . 1 5 50 5 7 . 1 5 5 7 . 1 5 

length of channel [ km] 16 16 16 18 16 16 

Branch 1 x = = 0 km 

M 2 
ampl i tude [m] 2 .0 2 .0 2 .0 2 .0 2 .0 2 .0 

componen t 
phase a1 [ ° ] + 9 0 + 9 0 + 9 0 + 9 0 + 9 0 + 9 0 

M 4 
ampl i tude [m] 0 .2 0 .2 0 .2 0 .2 0 .2 0 .2 

c o m p o n e n t 
phase or2 [ ° ] + 9 0 + 9 0 + 9 0 + 9 0 + 9 0 + 137 .5 

Table 7 - 1 : Parameters of the d i f fe rent scenar ios 

In scenar io 1 the e f fec t of the change in w i d t h of the ebb and f lood channels is 

cons idered . Scenario 2 considers the ebb and f lood channels w i t h a cons tan t 

w i d t h . In scenar io 3 the Chézy coef f i c ien t depends on the f l o w d i rec t ion . In 

Scenar io 4 the length of the ebb channel is larger than the f lood channe l . 

Scenario 5 considers the change in w i d t h of the ebb and f lood channels and a 

Chézy coef f i c ien t w h i c h depends on the f l o w d i rec t ion . In scenar io 6 the 

boundary cond i t ion at the seaside is changed . 
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As the d ischarge of the River Scheldt is ve ry smal l , compared to the d ischarge 

due to the t idal mo t ion at the 'Pas van Terneuzen - Ever ingen ' , th is parameter is 

not var ied , so for all scenar ios Qrjver = 0. 

7 A Scenario 1: Change in width of the channels 

7.4.1 General 

In th is scenar io the w i d t h of the ebb and f lood channels is taken as is s h o w n in 

Figure 6-5 , see also Table 7 - 1 . 

In th is sect ion the numer ica l results are presented and d iscussed . 

Initial bed level NAP - 20 m for all b ranches, see A n n e x 7 . 

7.4.2 Results 

Bed level 

BRANCH 2 
WS-gOOlM 

BRANCH 3 
WS-gOOl.td 

Figure 7-1:Bed levels branch 2 and 3 

Annex 7 s h o w s the deve lopment of the b o t t o m prof i le as a func t i on of t ime . 

In brief a descr ip t ion is g iven . 

branch 1 : W i th in 5 years a linear incl in ing prof i le deve lops , 
bed level begin end 

NAP -20 m - 1 8 . 9 m 

(boundary condi t ion) 

b o t t o m s lope: 2 . 2 - 1 0 ~ 4 
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branch 2: A shock -wave propagates t h rough the branch and f inal ly (after « 

25 years) a nearly linear incl in ing prof i le is f o r m e d . 

bed level begin end 

NAP -19 .1 m - 1 2 . 2 m 

b o t t o m s lope: 4 .3 • 1 0 " 4 

branch 3: First a shock -wave propagates t h rough the branch and f inal ly (after 

« 2 0 years) a nearly hor izontal prof i le is f o r m e d . 

bed level begin end 
NAP -18 .8 m - 1 9 . 0 m 

b o t t o m s lope: 0.1 • 1 0 " 4 

branch 4 : A nearly hor izontal prof i le at NAP « -15 m deve lops . 

bed level begin end 
NAP - 1 5 . 2 m - 1 4 . 3 m 

b o t t o m s lope: 3 . 0 - 1 0 " 4 

From branch 3 it is determined tha t the propagat ion ve loc i ty of a d is tu rbance at 

the bed is « 1 km/year . This agrees wel l w i t h an analyt ica l es t imat ion : 

S-
ctxd = n —= 1 - 4 km/year . 

a 

Discharges 

Table I of A n n e x 7 s h o w s a net t ranspor t of wa te r over a t idal per iod landin

w a r d s , see branches 1 and 4 . This is odd as the t idal basin is c losed . Howeve r , 

as a result o f the w i t h d r a w a l of sed iment , also wa te r is w i t h d r a w n f r o m the 

sys tem. The net t ranspor t of wa te r is about 1 5 0 m 3 / s , th is is equal t o an 

averaged ve loc i t y of 0 . 0 0 2 m/s and can thus be neg lec ted . 

Branch 2 is f lood domina ted , the net vo lume of wa te r decreases in t ime f r o m 7 

to 3 % of the f lood vo lume of the f lood channe l . Branch 3 is ebb dom ina ted , the 

net vo lume of wa te r decreases f r o m 5 to 1 % of the f lood vo lume of the ebb 

channe l . 

The f lood channel is f lood dominated and the ebb channel is ebb domina ted as a 

result of the change in w i d t h of the ebb and f lood channels , see A n n e x 4 . 

In branch 2 a linear incl in ing bed profi le deve lops , as a result o f t h i s , the 

convec t i ve t e r m in the m o m e n t u m equat ion decreases and thus the net t rans

port of wa te r decreases, see Annex 4 . 

A n n e x 7 s h o w s also a graph of the d ischarges as a func t i on of t ime at d i f fe ren t 

places for the end of the ca lcu lat ion ( 2 0 1 1 - 0 4 - 0 1 ) . The d ischarges of t he ebb 

channel (branch 3) is larger than tha t of the f lood channe l . 

The d ischarges at branch 1 are larger than the d ischarges at branch 4 as a resul t 

of s torage in branch 2 and 3. 
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Water levels and t idal componen ts 

A n n e x 7 s h o w s also a graph of the wa te r levels as a func t i on of t ime at 

d i f fe rent places for the end of the ca lcu lat ion ( 2 0 1 1 - 0 4 - 0 1 ) . There is a s igni f i 

can t d is tor t ion fur ther land inwards . 

A n harmonic analysis is used to determine the M 2 , M 4 and M 6 componen t s 

present in the t idal cu rve . The results are presented in A n n e x 7, Table I I . The 

ampl i tudes of the M 2 and M 4 componen ts in branch 4 are resp. 11 % and 1 0 0 % 

larger than for branch 1 . 

Table II I , Annex 7, s h o w s the phase d i f fe rence be tween the M 4 and M 2 c o m p o 

nents and be tween the M 6 and M 2 componen t s . As a result of the bed prof i les 

tha t deve lop in t ime the phase d i f fe rences change in t ime as is s h o w n in the 

fo l l ow ing tab le : 

t ime \b ranch branch 1 

x = 4 km 

branch 2 

x = 8 km 

branch 3 

x = 8 km 

branch 4 
x = 2 k m 

1 9 9 1 - 0 6 - 0 2 0 0 0 0 

1 9 9 5 - 0 9 - 0 1 - 0 . 4 -1 .1 - 0 .9 -0 .9 

1 9 9 9 - 1 2 - 0 1 -0 .9 - 4 .4 -5 .1 -5 .3 

2 0 0 4 - 0 3 - 0 1 -1 .0 -5 .2 -6 .5 -7 .3 

2 0 0 8 - 0 5 - 3 1 -0 .9 -5 .9 - 7 . 0 -9 .3 

2 0 1 1 - 0 4 - 0 1 -0 .9 -5 .9 - 7 . 0 - 6 .0 

Table 7 -2 : Change of phase d i f fe rence be tween M 2 and M 4 in t ime [ ° ] 

In t ime the phase d i f fe rence be tween the M 2 and M 4 componen t s decreases. As 

a result of th is the sed iment t ranspor t also changes . 

A n n e x 7 s h o w s for the d i f fe ren t points the wa te r levels as a f unc t i on of the t idal 

per iod at d i f fe rent t imes. 

Sed iment t ranspor t 

A n n e x 7 s h o w s the sed iment t ranspor t as a func t ion of the t idal per iod . 

As a result o f the bed prof i les tha t develop in the branches, the f l o w veloc i t ies 

change and thus the sed iment t ranspor t changes in t ime . Table IV s h o w s the 

vo lumes of sed iment t ranspor ted dur ing the ebb and f lood per iod. 
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In tegrated sed iment t ranspor t 

In Annex 7 also the in tegrated sed iment t ranspor t at all places in the branches 

are s h o w n for g iven t imes . 
There is a net sed iment t ranspor t land inwards for all the branches. 
A t the end of the ca lcu lat ion 4 5 % of the net sed iment t ranspor t passes branch 

2 and 5 5 % passes branch 3. 
For the po in ts : branch 1 x = 0 m, branch 2 x = 8 k m , branch 3 x = 8 k m , 

branch 4 x = 2 km the deve lopment of the in tegrated sed iment t ranspor t as a 

func t i on of t ime is s h o w n . 

A t the end of the ca lcu la t ion there is sti l l a gradient in the in tegrated sed iment 

t ranspor t , so the dynamic equi l ibr ium profi le is sti l l not reached. 

7.4.3 Conclusions 

Due to the prescr ibed change of w i d t h for the ebb and f lood channe ls , a linear 

incl in ing bed prof i le develops for branch 2 and a nearly hor izonta l bed prof i le 

develops for branch 3. 

This is expla ined in the f o l l ow ing . As a result of a decreas ing t idal vo lume 

fur ther land inwards a nearly linear incl in ing bed prof i le deve lops (see also 

scenar io 2) . Due to the change in w i d t h also a linear incl in ing bed prof i le 

develops f r o m a small w i d t h to a large w i d t h . These t w o e f fec ts in tens i fy each 

other for branch 2. However , for branch 3 these e f fec ts w e a k e n each other and 

a nearly hor izontal bed prof i le deve lops. 

7.5 Scenario 2 : Constant width of the channels 

7.5.1 General 

In order to get rid of the shock -wave the fo l l ow ing init ial bed level cond i t i ons , in 

[m] w i t h respect to NAP, are appl ied (see also annex 8) : 

begin end 

branch 1 - 2 0 - 1 8 . 9 

branch 2 - 1 8 . 9 -15 

branch 3 - 1 8 . 9 -15 

branch 4 -15 -15 

branch 5 -17 -17 
The w i d t h of the ebb and f lood channels is taken 1.75 k m , see also Table 7 - 1 . 

In th is sect ion the numer ica l results are presented and d iscussed. 
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7.5.2 Results 

Bed level 

Figure 7-2:Bed levels branch 2 and 3 
A n n e x 8 s h o w s the deve lopment of the b o t t o m prof i le as a f unc t i on of t ime . 

branch 1 : The initial cond i t ion is chosen proper ly so there is no change 

in the bed level . 

bed level begin end 

NAP - 2 0 m - 1 8 . 9 m 

(boundary cond i t ion) 

b o t t o m s lope: 2 . 2 - 1 0 " 4 

branch 2 and 3: Both channels develop ident ica l , as w a s expec ted as the 

channels are symmet r i c . The init ial cond i t ions are chosen 

proper ly , so there is less change in the bed levels. The bed 

levels do not develop exact ly l inear, more convex . 

bed level begin end 

NAP -18 .9 m - 1 5 . 0 m 

b o t t o m s lope: 2 . 4 - 1 0 ~ 4 

branch 4 : A linear incl in ing profi le deve lops . 

bed level begin end 

NAP -15 m - 1 4 . 2 m 

b o t t o m slope: 2 . 7 * 1 0 " 4 
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Discharges 

Annex 8 s h o w s a graph of the discharges at branch 1 x = 4 k m , branch 2 x = 8 
k m , branch 3 x = 8 k m , branch 4 x = 2 k m . The d ischarges are the same for 
branch 2 and 3. Table I of Annex 8 s h o w s the vo lumes of wa te r w h i c h pass a 
channel dur ing the ebb and f lood period at the end of the ca lcu la t ion (2023-12¬
30 ) . The vo lumes are the same for the ebb and f lood channels . 

Wate r levels and t idal componen ts 

Annex 8 s h o w s the wa te r levels as a f unc t i on of the t idal per iod at 4 p laces. 
There is a s t rong t idal d is tor t ion as a result o f the bed prof i les of branches 2 and 
3. As a result o f the linear incl in ing prof i le the convec t i ve t e rm in the m o m e n t u m 
equat ion becomes impor tan t and a lot M 4 is genera ted. 
The harmonic analysis con f i rms th is , see Table II of Annex 8. 

Sediment t ranspor t 

Annex 8 s h o w s the sed iment t ranspor t as a func t ion of the t idal per iod . Table IV 

s h o w s the vo lumes of sed iment t ranspor ted dur ing the ebb and f lood per iod . 

Integrated sed iment t ranspor t 

In Annex 8 also the in tegrated sediment t ranspor t at all places in the branches 

are s h o w n for g iven t imes . Again branch 2 and 3 are ident ica l . 

There is a net sed iment t ranspor t land inwards for all b ranches. Dur ing the 

compu ta t i on 5 0 % of th is net t ranspor t passes branch 2 and 5 0 % passes branch 

3. 
For the po in ts : branch 1 x = 0 m, branch 2 x = 8 k m , branch 3 x = 8 k m , 

branch 4 x = 2 km the deve lopment of in tegrated sed iment t ranspor t as a 

func t ion of t ime is s h o w n . 

A t the end of the ca lcu lat ion there is a lmost no gradient in the in tegrated 

sediment t ranspor t , so the dynamic equi l ibr ium prof i le is a lmost reached. 

7.5.3 Conclusions 

For ebb and f lood channels w i t h a cons tan t w i d t h a nearly linear inc l in ing bed 

profi le deve lops , as a result of the decrease of the t idal vo lume fu r ther landin

wards . 
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7.6 Scenario 3:Chézy coefficient depends on f low direction 

7.6.1 General 

A n n e x 9 s h o w s the initial bed level cond i t ions tha t are appl ied. 

In th is scenar io the w i d t h of the channels is taken cons tan t . The values taken 

for the Chézy coef f i c ien t are s h o w n in Table 7 - 1 . 

In th is sect ion the numer ical results are presented and d iscussed. 

7.6.2 Results 

Bed level 
BRANCH 2 BRANCH 3 

WHXI1.M WH001.M 

• 1002-02-H + H W W B O 190M5-17 D 1 M M » 1 > + 1 W W M 2 O 1MMS-17 

a 2000-00-ie x aoiMs-ie v 2023-12-30 a aMtwt-ii x 2013-03-10 v 2023-12-30 

Figure 7-3:Bed levels branch 2 and 3 
A n n e x 9 s h o w s the bed prof i le at cer ta in t imes . 

branch 1 : The initial cond i t ion is chosen proper ly so there is no change in the 

bed level . 

bed level begin end 

NAP - 2 0 m - 1 8 . 9 m 

(boundary condi t ion) 

b o t t o m s lope: 2 . 2 * 1 0 " 4 

branch 2 : end of c o m p u t a t i o n : 

bed level begin end 

NAP - 1 8 . 3 m - 1 5 . 0 m 

b o t t o m s lope: 2 . 0 6 - 1 0 " 4 

A shock -wave propagates th rough the channe l . 
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end of c o m p u t a t i o n : 
bed level begin end 
NAP -19 .3 m -14 .5 m 

b o t t o m s lope: 3 . 0 - 1 0 " 4 

A n expans ion -wave propagates t h rough the channe l , 
end of c o m p u t a t i o n : 
A linear incl in ing prof i le deve lops, 
bed level begin end 

NAP - 1 5 . 0 m - 1 4 . 2 m 

b o t t o m s lope: 2 .7 • 1 0 " 4 

Discharges 

As a result o f the proper ly chosen initial bed levels, the d ischarges are a lmost 

the same for all t imes . 

Branch 2 is f lood domina ted , the net vo lume is 2 5 % of f lood vo lume . Branch 3 

is ebb domina ted , the net vo lume is 3 0 % of f lood v o l u m e , see Table I of A n n e x 

9. 

Water levels and t idal componen ts 

Annex 9 s h o w s the wa te r levels at d i f fe rent places as a f unc t i on of the t idal 

per iod. Table II of th is annex s h o w s the t idal componen t s . 

Sediment t ranspor t 

Annex 9 s h o w s the sed iment t ranspor t as a func t i on of the t idal per iod. Table IV 

s h o w s the vo lumes of sed iment t ranspor ted dur ing the ebb and f lood per iod. 

Integrated sed iment t ranspor t 

Annex 9 also s h o w s the in tegrated sed iment t ranspor t at all places in the 

branches for a number of t imes . 

There is a net sed iment t ranspor t land inwards for all the branches. 

A t the end of the compu ta t i on 6 5 % of th is net t ranspor t passes branch 2 and 

3 5 % passes branch 3. 

For the po in ts : branch 1 x = 0 m, branch 2 x = 8 k m , branch 3 x = 8 k m , 

branch 4 x = 2 k m the deve lopment of in tegrated sed iment t ranspor t as a 

func t ion of t ime is s h o w n . 

A t the end of the ca lcu la t ion there is sti l l a small gradient in the in tegrated 

sediment t ranspor t , so the dynamic equi l ibr ium prof i le is not reached comp le te l y . 

branch 3: 

branch 4 : 
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7.6.3 Conclusions 

Due to the Chézy coef f i c ien t w h i c h depends on the f l o w d i rec t ion , the bed s lope 

of the f lood channel becomes f lat ter and the bed slope of the ebb channel 

becomes steeper. 

7.7 Scenario 4: Different lengths of the channels 

7.7.1 General 

The length of the f lood channel is taken 14 k m , the length of the ebb channel is 

taken 18 k m . 

Annex 10 s h o w s the initial bed level cond i t ions tha t are appl ied. 

In th is sect ion the numer ical results are presented and d iscussed. 

7.7.2 Results 

Bed level 

BRANCH 2 BRANCH 3 

• « I I " 1 2 I 

0 | £000 | 4 0 » | 6000 | 60W | 10000 | 12000 | 14000 
1000 M00 5000 7000 9000 11000 1S000 

1090-01-O1 x|m] 

• 1062-02-16 + 18*4-04-02 O 1086-05-17 

A 2000-06-16 X 2013-03-18 V 2023-12-90 

0 | 2000 | 4000 | 6000 | «000 | 10000 | 12000 | 14000 | 16000 | 16000 
1000 6000 6000 7000 9000 11000 13000 16000 17000 

- 190OO1-01 x[m) 

• 1662-02-16 + 10*4-0402 O 106OO6-17 

fi, 200OO6-16 X 201845-16 V 2026-12-60 

Figure 7-4:Bed levels branch 2 and 3 

Annex 10 s h o w s the bed prof i le of the branches at cer ta in t imes . 

branch 1 : The initial cond i t ion is chosen proper ly so there is no change in the 

bed level . 

bed level begin end 

NAP - 2 0 m - 1 8 . 9 m 

(boundary condi t ion) 

b o t t o m s lope: 2 . 2 - 1 0 " 4 
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branch 2 : end of compu ta t i on : 
bed level begin 
NAP - 2 1 . 2 m 

b o t t o m s lope: 2 . 3 9 - 1 0 " 4 

branch 3: end of compu ta t i on : 

bed level begin 
NAP -17 .1 m 

b o t t o m s lope: 2 . 4 7 • 1 0 " 4 

branch 4 : end of compu ta t i on : 

A linear incl in ing prof i le deve lops . 

bed level begin end 
NAP - 1 5 . 0 m - 1 4 . 2 m 

b o t t o m slope: 2 . 7 * 1 0 " 4 

end 

17 .8 m 

end 

- 1 2 . 6 m 

Discharges 

Annex 10 s h o w s the discharges at the end of the c o m p u t a t i o n . The d ischarges 

in branch 2 are s ign i f icant ly larger than branch 3. 

Table I o f A n n e x 10 s h o w s the vo lumes of wa te r tha t passes a channel over the 

ebb and f lood per iod. As a result o f the morpho log ica l deve lopmen t , the 

d ischarges increase for branch 2 and decrease for branch 3. 

Branch 2 is ebb dominated and branch 3 is f lood domina ted , see Table I I . 

Wate r levels and t idal componen ts 

For the po in ts : branch 1 x = 0 m, branch 2 x = 8 k m , branch 3 x = 8 k m , 

branch 4 x = 2 k m , Annex 10 s h o w s the wa te r levels as a f unc t i on of the t idal 

per iod. Table II o f th is annex s h o w s the t idal componen ts . 

Sed iment t ranspor t 

Annex 9 s h o w s the sed iment t ranspor t as a func t ion of the t idal per iod. Table IV 

s h o w s the vo lumes of sed iment t ranspor ted dur ing the ebb and f lood per iod . 

Integrated sed iment t ranspor t 

Annex 10 also s h o w s the in tegrated sed iment t ranspor t at all p laces in the 

branches for a number of t imes . 

There is a net sed iment t ranspor t land inwards for all b ranches. 

A t the end of the compu ta t i on 7 5 % of th is net t ranspor t passes branch 2 and 

2 5 % passes branch 3. 

For the po in ts : branch 1 x = 0 m, branch 2 x = 8 k m , branch 3 x = 8 k m , 

branch 4 x = 2 km the deve lopment of in tegrated sed iment t ranspor t as a 
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f unc t i on of t ime is s h o w n . 
A t the end of the ca lcu la t ion there is sti l l a gradient in the in tegrated sed iment 
t ranspor t for branch 2 and 3, so the dynamic equi l ib r ium prof i le is not reached. 

7.7.3 Conclusions 

As a result o f the small length of the f lood channel compared t o the ebb 

channe l , the f lood channel t ranspor ts most of the wa te r and mos t of the 

in tegrated sed iment t ranspor t . The ebb channel becomes sha l low. 

7.8 Scenario 5: Change of width and a Chézy coefficient 
which depends on the f low direction 

7.8.1 General 

This scenario is a comb ina t ion of scenar io 1 and 3. 
Annex 11 s h o w s the initial bed level cond i t ions tha t are appl ied. 

In th is sect ion the numer ical results are presented and d iscussed. 

7.8.2 Results 

Bed level 
BRANCH 2 BRANCH 3 

- - I W U I 4 I x|m| 19«W>1-01 x[m| 

• 18*2-02-18 + 1W+-04-02 O 1908-05-17 • 1982-02-18 * 19M0442 O 188046-17 

A 2000-09-18 X 2012-05-10 V 2O2S-12-S0 A 2000-03-10 X 2O18-0S-18 ? 2028-12-80 

Figure 7-5:Bed levels branch 2 and 3 

Annex 11 s h o w s the bed prof i le at certa in t imes . 
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branch 1 : The init ial cond i t ion is chosen proper ly so there is no change in the 

bed level . 

bed level begin end 
NAP - 2 0 m - 1 8 . 9 m 

(boundary condi t ion) 

b o t t o m s lope: 2 . 2 * 1 0 " 4 

branch 2 : end of compu ta t i on : 

bed level begin end 
NAP - 1 8 . 8 m - 1 2 . 4 m 

b o t t o m slope: 4 . 0 « 1 0 " 4 

branch 3: end of compu ta t i on : 

bed level begin end 
NAP -19 .3 m - 1 8 . 3 m 

b o t t o m s lope: 0 . 6 3 - 1 0 " 4 

branch 4 : end of compu ta t i on : 
A linear incl in ing profi le deve lops. 

bed level begin end 
NAP - 1 5 . 0 m -14 .1 m 

b o t t o m slope: 3 . 0 - 1 0 " 4 

The init ial va lue of the bed level of branch 3 has been chosen far f r o m the 

equi l ibr ium bed level . However , the bed level is qu ick adap ted . 

Discharges 

Annex 11 s h o w s the discharges at the end of the c o m p u t a t i o n . Branch 2 is 

f lood domina ted and branch 3 is ebb domina ted . 

A t the end of the compu ta t i on branch 2 and branch 3 t ranspor t the same 

vo lume of wa te r dur ing the f lood per iod. However , dur ing the ebb period mos t 

of the wa te r is t ranspor ted by branch 3 (ebb channe l ) , see Table I of A n n e x 1 1 . 

This phenomenon is due to the size of the cross-sect ions and the Chézy 

coef f i c ien t w h i c h depends on the f l o w d i rec t ion . 

Water levels and t idal componen ts 

For the po in ts : branch 1 x = 0 m, branch 2 x = 8 k m , branch 3 x = 8 k m , 

branch 4 x = 2 k m , Annex 11 s h o w s the wa te r levels as a func t i on of the t idal 

per iod. Table II o f th is annex s h o w s the t idal componen t s . 

Sediment t ranspor t 

Annex 11 s h o w s the sed iment t ranspor t as a func t i on of the t idal per iod. Table 

IV s h o w s the vo lumes of sed iment t ranspor ted dur ing the ebb and f lood per iod . 
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Integrated sed iment t ranspor t 

A n n e x 11 also s h o w s the integrated sed iment t ranspor t at all places in the 

branches for a number of t imes . 

There is a net sed iment t ranspor t land inwards for all b ranches. 

A t the end of the compu ta t i on 6 0 % of th is net t ranspor t passes branch 2 and 

4 0 % passes branch 3. 

Annex 11 also s h o w s the deve lopment of the in tegrated sed iment t ranspor t as a 

func t ion of t ime . 

A t the end of the ca lcu lat ion there is sti l l a small gradient in the in tegrated 

sed iment t ranspor t for branch 2 and 3, so the dynamic equi l ibr ium prof i le is not 

reached. 

7.8.3 Conclusions 

Due to the Chézy coef f i c ien t w h i c h depends on the f l o w d i rect ion and the 

change in w i d t h of the channels , the cross-sect ion of branch 3 becomes bigger 

than branch 2 . As a result o f th is , branch 2 and 3 t ranspor t the same vo lume of 

wa te r dur ing the f lood per iod. Dur ing the ebb period branch 3 t ranspor ts mos t of 

the wa te r . 

7.9 Scenario 6: Phase difference M 2 and M 4 component 
at the boundary 

7.9.1 General 

Annex 12 s h o w s the init ial bed level cond i t ions tha t are appl ied. 

In th is scenar io the e f fec t of the phase d i f fe rence be tween the M 2 and M 4 

componen t at the boundary is s tud ied . A compar ison is made w i t h scenar io 5. 

In th is sect ion the numer ica l results are presented and d iscussed. 
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7.9.2 Results 

Bed level 

Figure 7-6:Bed levels branch 2 and 3 

A n n e x 12 s h o w s the bed profi le at cer ta in t imes . 

branch 1 : The initial cond i t ion is chosen proper ly so there is no change in t 

bed level . 

bed level begin end 

NAP - 2 0 m - 1 9 . 0 m 

(boundary condi t ion) 

b o t t o m s lope: 2 .0 • 1 0 " 4 

branch 2 : end of compu ta t i on : 

bed level begin end 

NAP - 2 2 . 2 m -14 .3 m 

b o t t o m s lope: 4 . 9 • 1 0 " 4 

branch 3: end of compu ta t i on : 

bed level x = 1 km end 

NAP - 1 7 . 8 m - 1 3 . 2 m 

b o t t o m s lope: 2 .8 • 10~ 4 

The bed prof i le is curved at the beginning of th is b ranch , 

branch 4 : end of compu ta t i on : 

A linear incl ining prof i le deve lops . 

bed level begin end 

NAP - 1 5 . 5 m - 1 4 . 6 m 

b o t t o m slope: 3 . 2 - 1 0 " 4 
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Discharges 

A n n e x 12 s h o w s the d ischarges at the end of the c o m p u t a t i o n . Branch 2 is 

f lood dominated and branch 3 is ebb domina ted . 

The vo lumes of wa te r t ha t passes the branches are s h o w n see Table I o f Annex 

12 . 

Water levels and t idal componen ts 

For the po in ts : branch 1 x = 0 m, branch 2 x = 8 k m , branch 3 x = 8 k m , 

branch 4 x = 2 k m , A n n e x 12 s h o w s the wa te r levels as a f unc t i on of the t idal 

per iod. Table II o f th is annex s h o w s the t idal c o m p o n e n t s . 

Table II of th is annex s h o w s tha t the ampl i tude of the M 4 c o m p o n e n t at branch 

4 x = 2 km is 15 % smaller than in scenario 5. Howeve r , the M 6 c o m p o n e n t is 

about 15 % bigger than in scenario 5 for tha t po int . 

Sed iment t ranspor t 

A n n e x 9 s h o w s the sed iment t ranspor t as a func t i on of the t idal per iod. Table IV 

s h o w s the vo lumes of sed iment t ranspor ted dur ing the ebb and f lood per iod. 

Integrated sed iment t ranspor t 

Annex 12 also s h o w s the integrated sed iment t ranspor t at all p laces in the 

branches for a number of t imes . 

There is a net sed iment t ranspor t land inwards for all b ranches. 

A t the end of the compu ta t i on 1 1 5 % of th is net t ranspor t passes branch 2 and 

1 5 % returns via branch 3 to point b. So there is a c i rcu la t ion of net sed iment 

t ranspor t . 

A n n e x 12 also s h o w s the deve lopment of the in tegrated sed iment t ranspor t as a 

func t i on of t ime . 

A t the end of the ca lcu la t ion there is stil l a gradient in the in tegrated sed iment 

t ranspor t for all b ranches, so the dynamic equi l ibr ium prof i le is not reached. 

7.9.3 Conclusions 

The net sed iment t ranspor t tha t enters the sys tem via branch 1 is d is t r ibu ted 

over branch 2 and 3. The d is t r ibut ion can be spl i t up in a symmet r i c part and an 

asymmet r i c par t . W h e n the symmet r i c part is smaller (a smal l net t ranspor t ) t han 

the asymmet r ic par t , c i rcu la t ion of net sed iment occurs . 

As a result of th is the bed prof i le of the ebb channel is comple te ly d i f fe ren t t han 

for scenar io 5, whe re no c i rcu lat ion of net sed iment occu r red . 
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8 Conclusions and recommendations 

8.1 Conclusions 

dynamic equi l ibr ium prof i le : 
As the bed prof i le is con t inuous ly in mo t i on , a s tat ic equi l ibr ium prof i le 

can not be de f ined . However , a bed prof i le is a dynamic equi l ib r ium prof i le 

w h e n the net sed iment t ranspor t is equal for every c ross-sec t ion . 

shor t basin s ingle-channel mode l : 
In the s ingle-channel model only a net sed iment t ranspor t occurs w h e n a 

number of small fac tors are taken into accoun t . The mos t impor tan t fac tor 

is the seaside boundary cond i t ion w h i c h conta ins at least the M 2 and M 4 

componen t . 

The s ingle-channel model wi l l on ly lead to a t r iv ia l so lu t ion , v iz . a f i l led 

basin a result o f the closed boundary cond i t ion at the end of the bas in . 

Howeve r , a quas i -dynamic equi l ibr ium can be de f ined . 

shor t basin two -channe l mode l : 
The t w o channel model leads to a we l l def ined dynamic equi l ib r ium 

prof i le. The c losed boundary cond i t ion does not in f luence the equi l ib r ium 

as a result of hor izontal c i rcu la t ion. 

The t w o channel model leads to a we l l def ined dynamic equi l ib r ium prof i le 

w i t h o u t tak ing into accoun t a number of small f ac to rs . A t the seaside 

boundary only the M 2 componen t is requi red. 

available data of the reference case 'Pas van Terneuzen - Ever ingen ' : 
The net vo lume of wa te r over a t idal period can not be determined as a 

result o f the errors in the measurements . 
The net sed iment t ranspor t is even more d i f f i cu l t t o de termine. 
To schemat ise a speci f ic ebb and f lood channel is d i f f i cu l t as the 

geomet ry is very comp lex . 

computa t iona l resul ts : 
The change of w i d t h of the ebb and f lood channel is an impor tan t para

meter for the morpho log ica l deve lopment of the channel s y s t e m . For a 

f lood channel w i t h a increasing w i d t h f r o m seaside to landside a linear 

incl in ing bed prof i le deve lops. For an ebb channel w i t h a decreas ing w i d t h 

f r o m seaside to landside a nearly hor izontal bed prof i le deve lops . 

As a result o f the Chézy coe f f i c ien t , w h i c h depends on the f l o w d i rec t ion , 

the bed slope of the f lood channel becomes smaller and the bed slope of 

the ebb channel becomes larger. The vo lumes of wa te r t ha t pass t h rough 
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the ebb and f lood channels change s ign i f icant ly . 
W h e n the d i f fe rence be tween the Chézy coef f i c ien ts dur ing ebb and f lood 
is large compared to the convec t i ve t e rm in the m o m e n t u m equat ion the 
M 2 c o m p o n e n t at the seaside boundary generates M 4 . 
The phase d i f fe rence be tween the M 2 and M 4 componen t s at the seaside 
boundary is an impor tan t parameter as th is determines the magn i tude and 
d i rect ion of the net sed iment t ranspor t . This net sed iment t ranspor t can 
be spl i t up in a symmet r i c and an asymmet r i c part over the ebb and f lood 
channels . W h e n the asymmet r i c part is larger than the symmet r i c part 
c i rcu lat ion of net sed iment occurs . 

The length of the channels is another impor tan t parameter . The longest 
channel becomes sha l low. 

8.2 Recommendations for further research 

To ref ine the model take into accoun t : 
s torage w i d t h as a func t ion of the wa te r level 
the e f fec t of the river d ischarge on the morpho log ica l behav iour of an ebb 
and f lood channel sys tem w i t h a relat ively small t idal v o l u m e . 
the e f fec t of channels tha t in te rconnect the ebb and f lood channe ls . 
the e f fec t of re laxat ion in t ime and space of the sed iment t ranspor t . So 

the sed iment t ranspor t does no longer depends on the local f l o w ve loc i ty 

on ly . 

To compu te an estuary prob lem 
connec t t w o or more ebb and f lood channel sys tems to each other , as is 

s h o w n in Figure 8 -1 . 

SEA 

Figure 8 - 1 : Coupled ebb and flood channel system 

For fur ther s tudy : 
take into accoun t 2-d imensional e f fec ts like bends and Coriol is 
h o w to interpret the numer ica l results for pract ice. 
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Annex 1a: Bathymetry 

- 5 0 0 0 - 2 8 0 0 - 1 5 0 0 - 5 0 0 - 1 2 5 +12 5 C P I 

Figure 5 -1 : Bathymetry of the Western Scheldt (1992) 

Figure 5-2: 'Pas van Terneuzen - Everingen' 

71 



Annex 1b: Location of the cross-section 
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Annex 2: Main tidal components Vlissingen and Terneuzen 

(Source: Getijtafels voor Nederland 1993, Rijkswaterstaat dienst getijwateren) 
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Annex 3: Errors in discharge measurements 

A3.1 General 

In order to determine the volume of water that passes the cross-section of a channel 
during ebb and f lood, every 10 minutes discharge measurements are carried out. In 
each measurement an error occurs. When the magnitude of this error is known the error 
in the ebb and flood volume can under certain circumstances be determined. 

The cross-section is herefore divided in verticals. For each vertical the discharge per 
unit width is determined as the product of the mean velocity and depth in the vertical. 
In order to determine the mean velocity in the vertical, the velocity is measured in 
several point in the vertical (local points). The discharge of each vertical contributes to 
the total discharge of the cross-section. 

Apart from the instrumental error, the error in the mean f low velocity in the cross-
section can be divided into three independent types of errors: 
Error type I : exposure time of the local point velocity 
Error type II : number of points in the vertical 
Error type III : number of verticals in the cross-section 

The report 'Investigation of the total error in measurement of f low by velocity-area 
methods (ISO, 1971) ' provides information about the magnitude of these errors. In this 
investigation to the accuracy of the discharge measurements an examination of the 
accuracy of the instruments is not included. 

The relative standard deviation of the total stochastic instrumental and sampling error 

( a. ) can be approximated by: 

1 = asd

 + °s, (A3.1) 

herein: 

mean velocity in section / 

m number of verticals 

relative standard deviation due to the random sampling error of the depth 

profile (error type III) 

relative standard deviation due to the random sampling error of the 

horizontal velocity profile (error type III) 
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Ov = 
relative standard deviation of the mean velocity due to the random 

instrumental error. 

relative standard deviation due to the random fluctuation error (error type 

I) 
a = relative standard deviation due to the random sampling error of the mean 

velocity in the vertical (error type II) 

o = relative standard deviation due to the random instrumental error determi¬

ning depth of section /. 

a = relative standard deviation due to the random instrumental error determi-
Bi 

ning width of section /'. 

A3.2 Discharge measurements in the Western Scheldt 

data: 
number of vertical in channel: 9 
number of points in vertical : range 7 - 1 0 
exposure t ime: 1 20 seconds 
distance verticals: equidistant (approximately) 

calculation, see equation (A3.1): 

jaL + oL = 2.4 % (table I, ISO 1971) (error type II) 

+ a2

Sh = 4.4 % (table II, ISO 1971) (error type III) 

a_ = aDi = aBi = 1 % (estimated) 

o 2 = 4.42 + 1 ( 12 + 2 . 4 2 + 1 2 + 1 2 ) = 19.4 + 0.97 = 20.37 

O h = 4.5 % 

It can be seen that the restricted number of vertical contributes much to the total error, 

remark: 
it is assumed that all measurements are complete. 
in the 60 seconds measurements the f low is regarded as steady 
the accuracy of the instruments is not included 
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It can be concluded that o, will be at least 4.5 % and probably larger in each 

measurement. 
The error of the ebb and flood volume can be determined by: 

^volume i— 1 
1_ 

fn 

in the case n = 37. 

o . = — 4.5 = 0.7% 
^volume r—— 

v/37 

All values of errors are at one standard deviation. 

A3.3 Sediment transport measurements (Western Scheldt) 

The sediment transport is determined as: 

S = £ c, Bt dt Ut (A3-2) 

herein: 
/77 = number of sections 
Cj = measured sediment concentration 

Bj = width section 
dj = depth section 

The relative standard deviation of the total stochastic instrumental and sampling error 

( a 2 ) of the sediment transport is approximated by: 

t - S . J . 1 ( 4 + o% * o%t + o% * a% • < ) (A3.3) 
d h m 

where 

a = relative standard deviation due to the random instrumental error determi¬

ning sediment concentration of section /'. 

3 % (estimated from calibration instrument) 

a \ = 4.42 + i ( 1 2 + 2.4 2 + 1 2 + 1 2 + 3 2 ) = 19.4 + 1.97 = 21.37 

a 2 = 4.6 % 
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The error of the sediment transport during flood and ebb can be determined by: 

1 

in the case n = 37 . 

0sedimenttransport r-
V» 

o M ,„ „ = — 4.6 = 0.8% 
u sediment transport 

v37 

Remark: 

This result is too optimistic as equation (A3-2) is used to estimate the sediment 

transport. 

The discharge of water close to the bed is small compared to the upper part of the 

vertical. An error in the f low velocity in the low part of the vertical does not effect the 

total discharge a lot. 
However, most of the sediment transport takes place close to the bed. An error in the 
f low velocity in the low part of the vertical effects the total sediment 
transport a lot. In the previous consideration this effect is not taken in to account and 
will lead to much higher relative standard deviations. 
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Annex 4: Circulation due to change in width 

A4.1 General 

In an ebb and flood channel system the widths of the channels are not constant. 
In general the width of the ebb channel decreases and the width of the flood channel 
increases from the seaside to the landside. In this annex it is shown that a gradually 
change in width effects the discharge. 

A4.2 Basic equations 

For a one-dimensional system the water motion is described mathematically by the 

following t w o equations: 

. . ndh dQ _ n (A4-1) continuity: B— + — - U ^ " 

momentum. 
dt dx 

BQ + A t e ) + g a B M • s - £ M = o (A4-2) 
dt dx\A) fdx Cza2Bf 

For steady f low and a horizontal bed the equations reduce to: 

continuity: = 0 (A4-3) 

a Q 
momentum: - — -

dx\ A ) 1 dx C2a2Bf 
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A4.3 Simple model 

The width of the flood channel increases from the seaside to the landside, see Figure 

A 4 - 1 . 

+ x 

x= -L x=0 
PLAN VIEW 

• Figure A 4 - 1 : Flood channel 

So the width is a function of x and can be wri t ten as 

B(x) = B0 + 
B 0 ~ B L 

•x 

The width of the ebb channel decreases from the seaside to the landside, see Figure 

A4-2. 

B, 

+ x 

x--L x-0 

PLAN VIEW 

• Figure A 4 - 2 : Ebb channel 

Again the width is a function of x and can be wri t ten as: 

Bn ~ B, 
B(x) = B 0

 + ^ - ^ ' * 

Figure A4-3 illustrates the longitudinal section of the ebb and flood channels. 

The question is how large must Lh be to obtain Q 0? 

The cross-section is a function of x and reads: 
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a , A 

Figure A 4 - 3 : Longi tudinal sect ion of the channels 

A(x) = B(x) a(x) 

As the change in width is much bigger than the change in water depth it is assumed 

that a{x) = const = a 

So the cross-section becomes: A(x) = a 
BQ - Bj 

B0

 + - ± - T J l - x 

Substitution of the cross-section in the convective term of equation (A4-4) gives: 

dx\A ) 
< 2 2 " f U - 1 ) = 

dx 

-1 B 0 ~ B L 

{ So " B L 

a\B0 + - 5 — L - x 

\ 2 L 
(A4-5) 

With this result and under the assumption that the forces at the borders are negligible, 

equation (A4-4) can be rewritten as: 

da = _ Q\Q\ 
dx gA dx{ A j Cza*B} 

da 
dx 

-1 

a\Bn 

Bn ~ B, \2 
•x 

Bn - B, QM 
C2a3B 

da 
dx 

Bn - B, 

BQ ~ B, \ 

V L I 

QM 
C2a3B' 

(A4-6) 
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So far we have rewritten the momentum equation (A4-4) wi th respect to the change in 

width. 

If we assume that the discharge Q 0 = constant there must be a head difference A/t . 

The head difference fol lows from: 
-L 

(A4-7) 

For an increasing cross-section in x-direction: 

B0>BL 

so the second term in equation (A4-6) has a positive value. 

|J = CN - R = Wincrease 

ox 

herein: 

CN = convective term 

R = resistance term 

W = sum of convective and resistance term 

where CN is positive. 

For a decreasing cross-section in x-direction: 

B0 < BL 

so the second term in equation (A-6) has a negative value. 

^ = CN - R = Wdecrease 

dx 

(A4-8) 

(A4-9) 

where CN is negative. 

herein: CN = 
Bo ~ BL 

ga2\B0 -
Bo ~ BL 

\ 3 

•x 

and 

CzazB 

As a result of the convective term: 
\W, \ > \W- I (A4-10) 
I " decrease I I increase I 

The head difference is determined by equation (A4-7). As a result of equation (A4-10) 
the discharge of the flood channel will be larger than the discharge of the ebb channel 
for a given head difference. 
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A4.4 Conclusions 

For a given A/t (head difference) Q* > Q 2 as a result of the geometry. 

j>/7 

• Figure A 4 - 4 : Def in i t ion sketch 

This result is gathered under the following five assumptions: 

1 ^ = 0 (horizontal bed) is considered. 
dx 

2. a(x) = a = const, changes in water depth are expected to be small. 
3. Forces at the borders as a result of the change in width are negligible. 
4. The friction term is taken the same for the ebb and flood channel. 
5. Only a steady f low situation is considered. 
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Order of magnitude estimation: 

x = L 

da 
dx 

B0 - BL] 

g a A B 0 - B - ^ x 
\ 3 L 

Q\Q\ 

Bo ~ BL

] 

ga' 
Bn ~ B, 

Bo - - i - r ^ ' x 
9 L 

Q\Q\ 
C2a*BZ 

1 
1 Ba - BL 

B0 - - V - ^ * g 
C2a 

,B0 ~ BL gBL 

L lC2a 
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Annex 5: Chézy coefficient dependent on the 
flow direction effects M 4 

A5.1 General 

With a numerical computation Fokkink (1995) demonstrated that a Chézy coeff icient 
which depends on the f low direction, effects the M 2 , M 4 and other components. 
In order to keep the M 2 component constant the following condition had to be fulfi l led: 

J _ = l J L + l _ L _ (A5.1) 
C 2 2 r 2 2 r

2 

• ^ebb ^flood 

Under this condition the ebb and flood dependent Chézy coefficient only effects the M 4 

component and higher components, while M 2 remains constant. This is proved by 
numerical computations. This seems to be a bit odd as the hydraulic friction term in the 
momentum equation normally generates mainly M 6 and higher components. 

In this Annex it is stated that a Chézy coefficient, which depends on the f low direction, 

also effects the M 4 component. 

A5.2 Basic equations 

For a channel wi th a constant width and a fixed bed the water motion can be described 

by: 

to + to" = 0 (A5.2) 
dt dx 

to+uto+gto+g^t + _g_ïH = o (A5.3) 
dt dx dx dx C2 a 

There are t w o sources of higher harmonics in (A5.2) and (A5.3). The first source is the 
boundary condition which contains the externally generated harmonic components. The 
second source are the non-linear terms in the momentum equation. 
There are t w o non-linear terms in the momentum equation viz.: 

. . R uIwl 
1. hydraulic friction term - f r — L 

C 2 a 
du 

2. convective term w— 
ox 
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A5.3 Generation of higher frequency components 

A5.3.1 General 

In this Section it is shown that a Chézy coefficient, independent of the f low direction, 
generates higher frequency components as a result of the hydraulic friction term and 
the convective term in the momentum equation. 
By expanding a function in a Fourier series, it can be seen which higher frequency 
components are present in a function. 

A5.3.2 Hydraulic friction term 

For tidal problems the f low direction is a function of t ime. So the sign of the friction 

term is also a function of t ime. 

If the Chézy coefficient is independent of the f low direction this coefficient can be 

regarded as constant. 

As a result of the M 2 component at the boundary: 

u(t) = sin(cof) 

The friction term is proportional to 

u \u\ or H 2 o 

Where a = + 1 or -1 

a(f) = +1 for 0 <; t < | 

o(r) = -1 for Y S F < 0 

The block function a(t) w i th unit amplitude can be expanded in a Fourier series: 

0 ( t ) = — ( sinwf + - sin3(of + i sin5o>r + ) 
„ 3 5 

hence: 

u2{t)o{t) = 

= [sin(wt)sin(o)ï)] [-sin(co?) + 7

4-sin(3o)ï) ] + 
TC 3TC 

+ [sin((x>Osin(«f)]-[ - ^ s i n ^ w f ) + ...] 
O T C 

u2(t)a(t) = — sin3(o)?) + — sin 2(o0sin(3o)0 + 
TC 3TC 

+ — sin2(w0sin(5a)0 + 
5TI 
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can be wri t ten as: 

u2(t)a(t) = — sin(o)f) + — sin(3o>f) + .... (A5.4) 
3TC 15TC 

It can be concluded that M 2 generates M 6 and so on, as a result of the hydraulic friction 
term in the momentum equation. 

A5.3.3 Convective term 

The convective term in the momentum equation reads: 

du u — 
dx 

As a result of the M 2 component at the boundary: 

u{x,t) = u0s\n((jit-kx) 

u—— = u0s\r\(iót-kx)--u0cos(u)t-kx) = 
dx 

-u, sin(2of-2fcjc) (A5.5) 

It can be concluded that M 2 generates M 4 , as a result of the convective term in the 

momentum equation. 

A5.4 Chézy depends on the flow direction 

So far it was assumed that the Chézy coefficient is constant during a tidal period. 
However, the Chézy coefficient can differ during ebb and flood as a result of the shape 
of the bed. 

g As « \u\ = - f - « 2 o 
Cza ' ' C2a 

and 
AC, C = C 0 + A C a = C 0(1 + o ^ ) 

the coefficient in the friction term can be wri t ten as 

g 

1 + a 

g 

A c f Co 

2AC'i 

' 0 ) 

when A C < C n 

substitution of the coefficient in the friction term gives 
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C2a 

or 
_8_uz0 = ^ _ M 2 a _ 2gAC u2 ( A 5 6 ) 

Cza da Co a 

As a result of the dependence of the Chézy coefficient on the f low direction an extra 

term appears, namely: 
2 S A C „2 (A5.7) 

Co a 

8 
Co a 

1 - 2AC\ 

'0 y 

u 2 a 

as this term is proportional wi th « 2 it is evident that M 2 generates M 4 as a result of the 

extra term, like in the convective term. 

A5.5 Contribution to the M 4 component 

Both the convective term and the extra term, due to the dependence of the Chézy 
coefficient on the f low direction, generate an M 4 component as a result of the M 2 

component at the boundary. The question is how large the contribution is. 
The relative contribution to the generation of M 4 is therefore estimated for a rectangular 
channel.The terms should have the same order of magnitude. 

2 g A C M2 should be equal to w— 
C0

3 a d x 

2g 1 AC _ du 
nr W _ — 

a cl Co ax 

By substitution of 

2£ » 1 I s " 2 ] 
a 

J_ „ J _ [S 2 m 1 ] and « * 1 [ms" 1] 
C0

2 50 2 

and taking % as ku0 = ^1 = . — 2 - ^ — [rads"1], 
dx L ^ 7 500 10 3 

it can be concluded that the contribution to the generation of M 4 by M 2 , is dominated 
by the dependence of the Chézy coefficient on the f low direction if: 

AC > 1 
C 0 32 

AC > — 
32 

90 

(A5.8) 



In general C0 is about 50 m , / 2 /s , so if the Chézy coefficient differs more than 1.5 m' / 2/s 
during ebb and f lood, the Chézy coefficient will influence the M 4 component more than 
the convection term. 

A5.6 Conclusions 

If the Chézy coefficient depends on the f low direction and the Chézy coefficient differs 
at least 1.5 m y Vs during ebb and f lood, the M 4 component is influenced significantly for 
a rectangular profile wi th a horizontal bed. 

The M 2 component is kept constant when: 

J_ = 1 1

 +

 1 1 

C 2 2 r

2 2 c2 

*- ^ebb '-'flood 
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Annex 6: Numerical model SOBEK 

SOBEK is a numerical model from Delft Hydraulics and the Directorate-General for 

Public Works and Water Management. 
In this study SOBEK (version 1.00) is used to compute the estuarine morphology in a 
simple 1 -D network. 
The sediment transport is calculated as a function of the f low velocity (s = f( w ) ) . 
The bed level variation induced by gradients in sediment transport is described by the 
continuity equation for sediment. Together wi th the t w o f low equations (continuity and 
momentum) this forms a coupled set of equations which has to be solved numerically. 
According to the 'technical reference guide' the continuity and momentum equation are 
discretised on the Preismann box scheme. The continuity equation for sediment is 
solved wi th an explicit numerical method of the Lax-Wendroff type. 
The f low equations are solved using a fixed known cross-section, being the last 
computed cross-section. After this computation, the new cross-sections are computed 
by applying the continuity equation for sediment, using the latest computed f low field. 
So the equations are solved in a quasi-uncoupled way, this is allowed if the celerities of 
the f low and of the bed level perturbations are of different order of magnitude. 
The water levels and discharges are computed at the nodes and velocities at the middle 
of the sections. The variations of the cross-sectional area AA wi thin one bed level t ime 
step will be computed at the grid points of a branch. L\A will be computed by evaluation 
of the sediment transport t ime integrals just in between the grid points and at the begin 
and end of the branch. 

For a morphodynamic computation in an estuary, t w o time scales are important: 
1. the time scale of the f low computation 
2. the morphological time scale 
Before the start of the computation, the user defines the period over which the f low 
computation is performed (Tp). During the period Tp the cross-sectional area is assumed 
constant. The time step of the f low computation should fit a whole number of times in 
Tp: Jp = ri'L\t, see Figure A 6 - 1 . 

• Figure A 6 - 1 : Tidal per iod, Tp = n-L\t 
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The morphological time step consists of a whole number of tidal periods 

W m o r p = m.Tp). 
Figure A6-2 shows the f low diagram of the computation as described above. 

initial profile 
* 

compute flow ( n - A f ) 

compute sediment transport 
for adapted tidal period 

( s - f ( u ) ) 

i compute tidal integrated 
sediment transport 

S-jSót 

* 
compute gradient in 
tidal integrated 
sediment transport 

dS, 
dx 

'f 
extrapolate m times 
gradient in tidal integrated 
sediment transport 

* 
compute bed level 

time loop 

• Figure A 6 - 2 : F low d iagram 

In order to get rid of the initial conditions the f low field has to be fully adapted and 
become periodic, before the sediment transport is computed (as a function of the f low 
velocity), see Figure A6-3. 

tidal period tidal period | tidal period 

adaption time adapted period 

Figure A 6 - 3 : Adap t ion t ime 

For more detailed information, see the Technical Reference Guide (March, 1994). 
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Annex 7: SOBEK computations: scenario 



Annex 7: SOBEK compu ta t i ons : scenar io 1 

Bed level 
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BRANCH 1 
WS-g001.txt 

BRANCH 2 
WS-gO01.M 



Annex 7: SOBEK compu ta t i ons : scenar io 1 

[•/EW] is I'ftwl IS 

In tegrated sed iment t ranspor t [ m 3 / s ] 
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WATER STAGES 2011-04-01 
ws-gO01.txt 



Annex 7: SOBEK compu ta t i ons : scenar io 1 

CT w r- o V ^ *? 

ldVNA«llu]iJ 
[ui] zoflo- lea i«s m vino 

Water levels, d ischarges and f l o w veloc i t ies 
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BRANCH 1 x=4000 m 
wt-g001.txt 

0 15000 30000 44700 

|_i O 1891-06-02 199608-01 1999-12-01 

0 15000 30000 44700 

«[•] 

+ 1886-08-01 O 1999-12-01 A 2004-03-01 

X 2006-06-31 V 2011-04-01 
0 1989-12-01 A 

2008-06-31 V 2011-04-01 



BRANCH 2 x=8000 m 
ws-g001.txt 

0 16000 30000 44700 

t W 
1991-06-02 199509-01 1999-12-01 

2004-03-01 2008-05-31 2011-04-01 

BRANCH 2 x=8000 m 
wvgC01.txt 

0 16000 30000 44700 

t[»I 

+ 1886-08-01 O 1888-12-01 A 20040301 

X 2008-06-31 V 2011-04-01 

2 

BRANCH 2 x=8000 m 
vn-g0O1.txt 

1991-0602 

2004-0301 

198608-01 1899-12-01 

2011-04-01 

BRANCH 2 x-8000m 
wt-g001.txt 

> 
=3 
D 
CD 
X 

00 
O 
co 
m 
7^ 
o O 
3 
~o 
c 
r-t-

o" 
=5 
c/> 
w 
O 
CD 
3 
CD 

16000 30000 

+ 199609O1 O 1999-12-01 A 2004-0301 

X 2006O631 V 2011-0*01 



A n n e x 7: SOBEK compu ta t i ons : scenar io 1 

Wate r levels, d ischarges and f l o w veloc i t ies 
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tw 
+ 1966-00-01 O 1999-12-01 A 2004-0301 

X 20060631 V 2011-04-01 

BRANCH 4 x=2000 m 
wt-g001.txt 

3 I 

00 
tw rn 

1991-06-02 1986-09-01 1999-12-01 ^ 

2004-03-01 2008-06-31 2011-04-01 

tW 
+ 1886-08-01 O 1888-12-01 A 2004-03-01 

X 2008-0631 V 2011-04-01 



A n n e x 7: SOBEK compu ta t i ons : scenar io 1 

Wate r levels, d ischarges and f l o w veloc i t ies 
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BRANCH 1 x=0 m 
ws-gO01.txt 

0 15000 30000 44700 

IH 
1991-06-02 199509-01 1999-12-01 

2004-03-01 200BO6-31 20110401 

BRANCH 1 x=0 m 
wa-g001.txt 

0 15000 30000 44700 

m 
+ 199608-01 O 1999-12-01 A 20040301 

X 200606-31 V 20110401 

BRANCH 2 x=8000 m 
vw-g001.txt 



BRANCH 3 x=8000 m 
wt-g001.txt 

BRANCH 4 x=2000 m 
«-Jp01.txt 



Annex 7: SOBEK compu ta t i ons : scenar io 1 

V, 

BRANCH 1 x = 4 0 0 0 m 

1 9 9 1 - 0 6 - 0 2 
1 9 9 5 - 0 9 - 0 1 
1 9 9 9 - 1 2 - 0 1 
2 0 0 4 - 0 3 - 0 1 
2 0 0 8 - 0 5 - 3 1 
2 0 1 1 - 0 4 - 0 1 

flood „ 
1 0 ^ m 3 

1 0 7 6 
1 0 7 7 
1 0 7 9 
1 0 7 7 
1 0 7 7 
1 0 7 7 

10 1 3 m 3 

1 0 7 0 
1071 
1 0 7 2 
1071 
1 0 6 9 
1 0 7 0 

VfloocfVebb^ 
• 1 0 6 m 3 

7 
6 
7 
6 
8 
7 

BRANCH 2 x = 8 0 0 0 m 

1 9 9 1 - 0 6 - 0 2 4 7 3 4 4 1 3 2 
1 9 9 5 - 0 9 - 0 1 4 6 7 4 3 6 31 
1 9 9 9 - 1 2 - 0 1 4 3 8 4 1 4 2 4 
2 0 0 4 - 0 3 - 0 1 4 2 1 4 1 2 9 
2 0 0 8 - 0 5 - 3 1 4 1 5 4 0 2 13 
2 0 1 1 - 0 4 - 0 1 4 1 1 3 9 8 13 

BRANCH 3 x = 8 0 0 0 m 

1 9 9 1 - 0 6 - 0 2 4 6 7 4 9 2 -25 
1 9 9 5 - 0 9 - 0 1 4 7 4 4 9 8 - 2 4 
1 9 9 9 - 1 2 - 0 1 505 5 2 3 -18 
2 0 0 4 - 0 3 - 0 1 5 2 2 5 2 4 -2 
2 0 0 8 - 0 5 - 3 1 5 2 8 5 3 4 -6 
2 0 1 1 - 0 4 - 0 1 5 3 2 5 3 8 -6 

BRANCH 4 x = 2 0 0 0 m 
1 9 9 1 - 0 6 - 0 2 7 7 5 7 6 7 8 
1 9 9 5 - 0 9 - 0 1 7 7 6 7 6 8 8 
1 9 9 9 - 1 2 - 0 1 7 7 9 771 8 
2 0 0 4 - 0 3 - 0 1 7 7 9 771 8 
2 0 0 8 - 0 5 - 3 1 7 7 8 7 7 1 7 
2 0 1 1 - 0 4 - 0 1 7 7 8 771 7 

The vo lumes have been determined as f o l l ows : 

Vfiood= ƒ dt = S O , - A t V Qi > 0 
f l o o d 

Vebb= ƒ <?( t ) d t = E t V A t V Q1 < 0 
ebb 

Table I: Vo lumes of wa te r tha t passes a channel dur ing the ebb and f lood 
period 
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Annex 7: SOBEK compu ta t i ons : scenar io 1 

hit) = a 0 
+ t - a x ) + i 2 2 s i n ( c o 2 t - oc2) + h3 s i n (co 3 t - c c 3 : 

So hi a i Ü2 «2 h-3 <x3 

m [m] [°] [m] [° ] [m] [°] 
BRANCH 1 x=4000 m 

260.119 1991-06-02 -0.008 2.048 90.028 0.232 97.384 0.014 260.119 
1995-09-01 -0.009 2.047 90.092 0.230 97.910 0.014 261.436 
1999-12-01 -0.008 2.045 90.171 0.223 98.595 0.014 -81.925 
2004-03-01 -0.008 2.044 90.218 0.219 98.765 0.014 -74.777 
2008-05-31 -0.007 2.043 90.256 0.216 98.732 0.014 -65.840 
2011-04-01 -0.007 2.044 0.000 0.216 -81.778 0.014 -336.698 

BRANCH 2 x=8000 m 261.813 1991-06-02 -0.027 2.164 95.005 0.329 114.637 0.043 261.813 
1995-09-01 -0.031 2.164 95.338 0.328 116.452 0.044 262.633 
1999-12-01 -0.032 2.158 95.796 0.309 120.642 0.046 -82.687 
2004-03-01 -0.027 2.155 95.892 0.296 121.639 0.046 -73.039 
2008-05-31 -0.027 2.152 95.930 0.286 122.431 0.047 -64.839 
2011-04-01 -0.026 2.152 95.929 0.286 122.356 0.048 -64.684 

BRANCH 3 x=8000 m 266.967 1991-06-02 -0.018 2.151 94.035 0.316 111.332 0.038 266.967 
1995-09-01 -0.019 2.152 94.373 0.315 112.909 0.038 269.406 
1999-12-01 -0.027 2.154 95.885 0.308 120.095 0.042 -79.647 
2004-03-01 -0.029 2.149 95.927 0.296 121.599 0.043 -74.514 
2008-05-31 -0.027 2.147 95.977 0.286 122.199 0.044 -64.573 
2011-04-01 -0.027 2.147 96.019 0.286 122.284 0.044 -64.580 

BRANCH 4 x=2000 m 0.062 267.364 1991-06-02 -0.033 2.270 97.745 0.420 120.015 0.062 267.364 
1995-09-01 -0.034 2.273 98.211 0.421 121.885 0.063 -89.790 
1999-12-01 -0.044 2.282 100.397 0.419 130.655 0.068 -77.267 
2004-03-01 -0.048 2.285 101.582 0.416 134.993 0.069 -71.445 
2008-05-31 -0.057 2.284 102.234 0.407 138.267 0.074 -65.834 
2011-04-01 -0.056 2.284 102.205 0.407 138.101 0.074 -65.407 
Table I I : Results of a harmonic analysis 

BRANCH 1 x=4000 m 
1991-06-02 
1995-09-01 
1999-12-01 
2004-03-01 
2008-05-31 
2011-04-01 

BRANCH 2 x=8000 m 
1991-06-02 
1995-09-01 
1999-12-01 
2004-03-01 
2008-05-31 
2011-04-01 

BRANCH 3 x=8000 m 
1991-06-02 
1995-09-01 
1999-12-01 
2004-03-01 
2008-05-31 
2011-04-01 

§0 Ü1 «1 h 2 
OC 2 Ü3 oc3 

Cm] [m] n [m] [° ] [m] [° ] 

-0. 008 2.048 0.000 0.232 -82. ,673 0.014 -9. 966 
-0. 009 2.047 0.000 0.230 -82. ,274 0.014 -8. 841 
-0. 008 2.045 0.000 0.223 -81. ,747 0.014 -352. 439 
-0. 008 2.044 0.000 0.219 -81, ,672 0.014 -345. 431 
-0. .007 2.043 0.000 0.216 -81 .780 0.014 -336. 608 
-0. ,007 2.044 0.000 0.216 -81 .778 0.014 -336. .698 

-0.027 2. 164 0.000 0.329 -75.373 0. ,043 -23.201 
-0.031 2. 164 0.000 0.328 -74.224 0. ,044 -23.381 
-0.032 2. ,158 0.000 0.309 -70.950 0, ,046 -10.075 
-0.027 2. ,155 0.000 0.296 -70.144 0. ,046 -0.713 
-0.027 2. ,152 0.000 0.286 -69.429 0 .047 -352.628 
-0.026 2, ,152 0.000 0.286 -69.501 0, ,048 -352.470 

-0, 018 2.151 0.000 0.316 -76, ,738 0.038 -15, ,137 
-0, ,019 2.152 0.000 0.315 -75. ,838 0.038 -13, ,714 
-0, ,027 2.154 0.000 0.308 -71, ,675 0.042 -7, ,302 
-0 ,029 2.149 0.000 0.296 -70. ,254 0.043 -2, ,293 
-0, ,027 2.147 0.000 0.286 -69, ,754 0.044 -352. .503 
-0 ,027 2.147 0.000 0.286 -69, .754 0.044 -352 .636 

BRANCH 4 X= 
1991-06-02 
1995-09-01 
1999-12-01 
2004-03-01 
2008-05-31 
2011-04-01 
Table III 

2000 m 
-0. ,033 2, 270 0. ,000 0.420 -75. ,474 0. ,062 -25.870 
-0, ,034 2, ,273 0, ,000 0.421 -74. ,538 0, ,063 -24.424 
-0, ,044 2, ,282 0. ,000 0.419 -70, ,139 0. .068 -18.457 
-0, ,048 2, .285 0, .000 0.416 -68, ,171 0, .069 -16.191 
-0. ,057 2, .284 0, ,000 0.407 -66, ,201 0, ,074 -12.535 
-0 .056 2 .284 0 .000 0.407 -66 .308 0 .074 -12.021 

Phase d i f fe rence of the M 4 and M 6 c o m p o n e n t 
compared the M 2 componen t at tha t po in t . 
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Annex 7: SOBEK compu ta t i ons : scenar io 1 

SEDIMENT TRANSPORT 
wt-g001.txt 

s i 

^flood °eóó 

[ m 3 ] [ m 3 ] 

BRANCH 1 x = 0 k m 2 9 3 1 4 6 3 6 1 

BRANCH 2 x = 8 km 2 9 3 0 6 6 3 6 3 

BRANCH 3 x = 8 km 1 6 2 8 4 3 1 4 5 

BRANCH 4 x = 2 km 2 5 8 2 8 3 9 5 4 

Table V I : Sediment t ranspor t dur ing the f lood and ebb per iod 
at the end of the ca lcu la t ion ( 2 0 2 3 - 1 2 - 3 0 ) 

n o 



Annex 8: SOBEK computations: scenario 2 
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•18.8 

BRANCH 1 
w»-kfl01.M 

ts3 

C D 
CD 
Q-

CD 
< 
CD 

_l I 
0 1000 

1980-01-01 

• 1904-04-02 

A 201306-18 

X [m| 

200008-16 2006-12-31 

2023-12-30 

BRANCH 3 

0 I 2000 | 4000 | 6000 j 8000 | 10000 | 12000 | 14000 | 16000 
1000 3000 6000 7000 9000 11000 13000 16000 

19900101 

19840402 

201306-18 

X |ml 

2000-08-16 2006-12-31 

2023-12-30 

-14 

BRANCH 2 
M-k001.txt 

0 I 2000 I 4000 I 6000 | 8000 | 10000 | 12000 | 14000 | 16000 
1000 3000 6000 7000 9000 11000 13000 16000 

— 19000101 

• 1904O4O2 

A 201306-18 

x[m] 

200OO6-16 2006-12-31 

2023-12-30 

BRANCH 4 

> 
3 
3 
CD 
X 

CO 

CO 
O 
co 
m 
7s 
O 
O 
3 
•o c 
r + 
05 

o' 
3 
V) 

v> 
O 
CD 
3 
0) 

N > 

• 19940402 

a 201306-16 

x [m] 

200006-16 2006-12-31 

2023-12-30 



BRANCH 1 
wa-kOOI.txt 

• 1994-04-02 

a 2013-06-18 

x[m] 

+ 200OO8-16 

X 201909-30 

O 2006-12-31 

V 2023-12-30 

BRANCH 3 
«n-MXI .M 

0 I 2000 I 4000 I 6000 | 8000 | 10000 | 12000 | 14000 | 16000 
1000 3000 5000 7000 9000 11000 13000 15000 

• 1994-0402 

a 201306-18 

x[m| 

+ 200006-16 

X 2019-09-30 

2006-12-31 

2023-12-30 

BRANCH 2 
wt-kOOl Jxt 

0 I 2000 I 4000 I 6000 | 8000 j 10000 | 12000 | 14000 j 16000 
1000 3000 5000 7000 9000 11000 13000 15000 

• 199404O2 

a 201306-18 

x[m] 

+ 200006-16 

X 201906-30 

2008-12-31 

2023-12-30 

BRANCH 4 
m-k001.txt 

O 1994-04-O2 

a 201306-16 

x[ml 

+ 200006-16 

X 201900-30 

2006-12-31 

2023-12-30 



0525 

BRANCH 1 x=0 m 
wvk001.txt 

014 I 1432 1 23.40 
7.2S 21.40 

BRANCH 3 x=8000 m 
w**D01.txl 

t|yt*ra] 

BRANCH 2 x-8000 m 
wkOOI.bt 



WATER STAGES 2023-12-30 
ws-k001.txt 



Annex 8: SOBEK compu ta t i ons : scenar io 2 

v flood v e b b 

• 1 0 6 [ m 3 ] - 1 0 6 [ m 3 ] 

BRANCH 1 x = 4 k m 1 1 1 8 1 1 1 8 

BRANCH 2 x = 8 k m 4 9 2 4 9 2 

BRANCH 3 x = 8 km 4 9 2 4 9 2 

BRANCH 4 x = 2 k m 7 6 9 7 6 9 

There is no net t ranspor t o f wa te r over a t idal per iod for th is c o m p u t a t i o n as the 
wa te r mot ion has been recalculated w i t h a f ixed bed (no dredg ing act iv i t ies) . 

Table I: Vo lumes of wa te r tha t passes a channel dur ing the ebb and f lood 
period ( 2023 -12 -30 ) 

1992-02-16 
aO hi a l f a l h2 a l faZ h3 a l f a 3 
[m] CmJ n [m] [ ° ] [m] [ ° ] 

BRANCH 1 X=0 m - 0 . 000 2. 000 85.122 0. 200 80. 290 0. 000 22.323 
BRANCH 1 X=4 km - 0 . 008 2. 044 87.895 0. 217 94. 678 0. 014 -83.448 
BRANCH 2 X=8 km - 0 . 031 2. 153 94.207 0. 297 119.746 0. 043 -83.965 
BRANCH 3 x=8 km - 0 . 031 2. 153 94.207 0. 297 119.746 0. 043 -83.965 
BRANCH 4 x=2 km - 0 . 036 2. 289 100.144 0. 417 132. 041 0. 061 -75.090 

2006-12-31 
BRANCH 1 X=0 m - 0 . 000 2. 000 85.122 0. 200 80. ,290 0. 000 22.323 
BRANCH 1 X=4 km -0 . 008 2. 044 87.889 0. ,218 94. 617 0. 014 -83.998 
BRANCH 2 X=8 km -0 . 031 2. 154 94.167 0. 299 119. 378 0. 043 -84.399 
BRANCH 3 x=8 km -0 . 031 2. 154 94.167 0. 299 119. ,378 0. 043 -84.399 
BRANCH 4 X=2 km -0 . 036 2. 290 100.041 0. ,418 131, 452 0. 061 -75.474 

2023-12-30 
BRANCH 1 X=0 m -0 . 000 2. 000 85.122 0. ,200 80, .290 0. 000 22.323 
BRANCH 1 X=4 km -0 . 008 2. 044 87.885 0. ,218 94, ,571 0. ,014 -84.074 
BRANCH 2 x=8 km -0 . 031 2. 154 94.152 0. ,299 119, ,199 0. ,044 -84.479 
BRANCH 3 x=8 km -0 . 031 2. 154 94.152 0, ,299 119, ,199 0. 044 -84.479 
BRANCH 4 x=2 km -0 . ,036 2. 290 100.014 0. ,419 131, ,201 0.062 -75.596 

Table I I : Results of the harmonic analysis 
a0 hi a l f a l h2 a l f a 2 h3 a l f a 3 
[m] [m] H [m] [ ° ] [m] [ ° ] 

1992-02-16 
BRANCH 1 x=0 m -0.000 2. ,000 0.000 0 ,200 -89.955 0, ,000 -233.044 
BRANCH 1 x=4 km -0 . ,008 2, ,044 0.000 0, ,217 -81 .111 0, ,014 -347.131 
BRANCH 2 X=8 km -0. ,031 2. ,153 0.000 0 .297 -68 .668 0, .043 -6.586 
BRANCH 3 X=8 km -0, ,031 2, ,153 0.000 0. .297 -68 .668 0, .043 -6.586 
BRANCH 4 x=2 km -0, ,036 2, ,289 0.000 0 .417 -68 .246 0, ,061 -15.521 

2006-12-31 
BRANCH 1 x=0 m -0 . ,000 2, ,000 0.000 0 .200 -89 .955 0, ,000 -233.044 
BRANCH 1 x=4 km -0, ,008 2 ,044 0.000 0 .218 -81 .160 0 .014 -347.664 
BRANCH 2 x=8 km -0. ,031 2 .154 0.000 0 .299 -68 .956 0, .043 -6.899 
BRANCH 3 x=8 km -0, .031 2 ,154 0.000 0 .299 -68 .956 0, .043 -6.899 
BRANCH 4 x=2 km -0, ,036 2, ,290 0.000 0 .418 -68 .630 0 .061 -15.597 

2023-12-30 
BRANCH 1 x=0 m -0. .000 2 .000 0.000 0 .200 -89 .955 0 .000 -233.044 
BRANCH 1 X=4 km -0 .008 2 .044 0.000 0 .218 -81 .198 0 .014 -347.727 
BRANCH 2 X=8 km -0 .031 2 .154 0.000 0 .299 -69 .105 0 .044 -6.934 
BRANCH 3 x=8 km -0.031 2 .154 0.000 0 .299 -69 .105 0 .044 -6.934 
BRANCH 4 x=2 km -0 .036 2 .290 0.000 0 .419 -68 .827 0 .062 -15.638 

Table III: Phase d i f fe rence of the M 4 and M 6 c o m p o n e n t compared the M 2 
c o m p o n e n t at tha t point 
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Annex 8: SOBEK compu ta t i ons : scenar io 2 

SEDIMENT TRANSPORT 23-12-30 
vre-k001.M 

5 

4 

3 

2 

I 
a 

1 

0 15000 30000 
t[S»Cl 

1 2 
— — BRANCH 1 x -0 km BRANCH 2 x-fi km 
— ^ — BRANCH 3 x-8 km - BRANCH 4 x-2 km 

Sf/ood ^ebb 

[ m 3 ] [ m 3 ] 

BRANCH 1 x = 0 km 2 9 2 1 8 6 3 5 6 

BRANCH 2 x = 8 k m 1 4 0 1 0 2 5 8 3 

BRANCH 3 x = 8 km 1 4 0 1 0 2 5 8 3 

BRANCH 4 x = 2 km 2 6 9 6 3 4 1 2 8 

Table IV: Sediment t ranspor t dur ing the f lood and ebb period 
at the end of the calculat ion ( 2 0 2 3 - 1 2 - 3 0 ) 
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Annex 9 .S0BEK computations; scenario 3 
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BRANCH 1 
ws-WOI.M 

-14 

BRANCH 2 
w*-noi.txt 

-15 h 
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Annex 9: SOBEK compu ta t i ons : scenar io 3 

V f lood Vebb V f l ood -Vebb 
• 1 0 6 [ m 3 ] • 1 0 6 [ m 3 ] • 1 0 6 [ m 3 ] 

BRANCH 1 x = 4 km 1078 1071 7 
BRANCH 2 x = 8 km 5 3 2 3 9 9 1 3 2 

BRANCH 3 x = 8 km 4 1 5 5 4 0 - 1 2 5 
BRANCH 4 x = 2 km 7 8 0 7 7 3 7 

Table I: Vo lumes of wa te r tha t passes a channel dur ing the ebb and f lood 
period ( 2023 -12 -30 ) 

aO hi a l f a l h2 a l f a 2 h3 a l f a 3 
[m] [m] [°] Cm] H M H 

BRANCH 1 
1992-02-16 -0 .007 2.044 90.128 0.216 98.700 0.014 -67.168 
2013-05-16 -0 .007 2.044 90.309 0.216 98.981 0.014 -65.727 
2023-12-30 -0.007 2.044 90.399 0.216 99.136 0.014 -65.422 

BRANCH 2 
1992-02-16 -0.025 2.152 95.829 0.288 122.260 0.045 -64.397 
2013-05-16 -0.026 2.152 96.097 0.288 122.861 0.045 -63.844 
2023-12-30 -0.026 2.152 96.175 0.288 122.940 0.046 -63.573 

BRANCH 3 
1992-02-16 -0.029 2.151 95.705 0.287 122.412 0.045 -67.311 
2013-05-16 -0.028 2.150 95.807 0.286 122.340 0.046 -65.383 
2023-12-30 -0.028 2.150 95.897 0.286 122.457 0.046 -65.099 

BRANCH 4 
1992-02-16 -0.056 2.286 101.958 0.410 138.122 0.072 -66.878 
2013-05-16 -0.056 2.286 102.258 0.411 138.620 0.074 -65.756 
2023-12-30 -0.057 2.286 102.338 0.411 138.695 0.074 -65.508 

Table I I : Results of the harmonic analysis 

BRANCH 1 
1992-02-16 
2013-05-16 
2023-12-30 

BRANCH 2 
1992-02-16 
2013-05-16 
2023-12-30 

BRANCH 3 
1992-02-16 
2013-05-16 
2023-12-30 

BRANCH 4 
1992-02-16 
2013-05-16 
2023-12-30 

Table III: 

a0 hi a l f a l h2 a l f a 2 h3 a l f a 3 
[m] [m] [°] [m] n [m] [ ° ] 

-0 .007 2.044 0.000 0. 216 -81 . 555 0.014 -337.551 
-0 .007 2.044 0.000 0. 216 -81. 638 0.014 -336.654 
-0 .007 2.044 0.000 0. 216 -81. ,661 0.014 -336.618 

-0.025 2.152 0.000 0. 288 -69, ,398 0.045 -351.885 
-0.026 2.152 0.000 0. ,288 -69, ,333 0.045 -352.134 
-0.026 2.152 0.000 0, ,288 -69, .409 0.046 -352.096 

-0.029 2.151 0.000 0. ,287 -68, .997 0.045 -354.425 
-0.028 2.150 0.000 0. .286 -69 .273 0.046 -352.803 
-0.028 2.150 0.000 0 .286 -69 .336 0.046 -352.789 

-0.056 2.286 0.000 0 .410 -65 .794 0.072 -12.753 
-0.056 2.286 0.000 0 .411 -65 .896 0.074 -12.530 
-0.057 2.286 0.000 0 .411 -65 .981 0.074 -12.521 

Phase d i f fe rence of the M 4 and M 6 c o m p o n e n t compared the M 2 
c o m p o n e n t at tha t point 
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Annex 9: SOBEK compu ta t i ons : scenar io 3 

SEDIMENT TRANSPORT 2023-12-30 

- XI 

4 \\ 

2 \ 

1 u 
ƒ 2 

2 p 

i i 
0 1BOO0 30000 

1 2 
— BRANCH 1 x-0 km BRANCH 2 x-8 km 

^ 4 
- 2 — BRANCH 3 x -8 km — — BRANCH 4 x-2 km 

[ m 3 ] [ m 3 ] 

BRANCH 1 x = 0 km 2 9 5 8 0 6 4 2 2 

BRANCH 2 x = 8 km 1 7 0 2 1 1921 

BRANCH 3 x = 8 km 1 1 3 7 1 3 3 0 5 

BRANCH 4 x = 2 km 2 7 3 2 9 4 1 7 7 

Table V I : Sed iment t ranspor t dur ing the f lood and ebb period 
at the end of the calculat ion ( 2023 -12 -30 ) 
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Annex 10: SOBEK computations; scenario 4 
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Annex 10 : SOBEK compu ta t i ons : scenar io 4 

tdVNWMd* ldVNH«UJ]qz 

Bed level 

128 



BRANCH 1 
ws-mO01.txt 

0.53 

0 1000 2000 3000 4000 5000 

1QOD 30Q0 5000 7000 9000 11 OOG 13Q00 15DQÜ 17QG0 
x Cm] 

• 1992-02-16 + 1994-D4-02 o 1996-05-17 
A 2D00-08-16 X 2013-D5-16 V 2023-12-30 

BRANCH 2 
ws-mO01.txt 



Annex 10 : SOBEK compu ta t i ons : scenar io 4 
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Annex 10 : SOBEK compu ta t i ons : scenar io 4 
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Annex 10 : SOBEK compu ta t i ons : scenar io 4 

V f lood Vebb V f l ood -Vebb 
• 1 0 6 [ m 3 ] - 1 0 6 [ m 3 ] - 1 0 6 [ m 3 ] 

BRANCH 1 x = 4 km 
1 9 9 2 - 0 2 - 1 6 1 0 7 7 1 0 6 9 8 
2 0 1 3 - 0 5 - 1 6 1 0 7 6 1 0 6 9 7 
2 0 2 3 - 1 2 - 3 0 1 0 7 6 1 0 6 9 7 

BRANCH 2 x = 8 km 
1 9 9 2 - 0 2 - 1 6 501 5 1 3 -12 
2 0 1 3 - 0 5 - 1 6 5 6 3 5 6 7 -4 
2 0 2 3 - 1 2 - 3 0 581 5 8 3 -2 

BRANCH 3 x = 8 km 
1 9 9 2 - 0 2 - 1 6 4 4 2 4 2 3 19 
2 0 1 3 - 0 5 - 1 6 3 7 9 3 6 7 12 
2 0 2 3 - 1 2 - 3 0 3 6 1 3 5 2 9 

BRANCH 4 x = 2 km 
1 9 9 2 - 0 2 - 1 6 7 7 9 7 7 2 7 
2 0 1 3 - 0 5 - 1 6 7 7 8 7 7 0 8 
2 0 2 3 - 1 2 - 3 0 7 7 7 7 7 0 7 

Table !: Vo lumes of wa te r passing a channel dur ing the ebb and f lood per iod 

aO hi a l f a l h2 a l f a 2 h3 a l fa3 
Cm] Cm] [° ] Cm] [° ] Cm] n 

BRANCH 1 X=4 km 
1992-02-16 -0.007 2.043 90.115 0.216 98.480 0.014 -66.772 
2013-05-16 -0.008 2.044 90.289 0.218 98.760 0.014 -69.576 
2023-12-30 -0.008 2.044 90.379 0.218 98.908 0.014 -69.871 

BRANCH 2 x=8 km 
1992-02-16 -0.030 2.159 96.314 0.294 123.952 0.048 -65.729 
2013-05-16 -0.029 2.160 96.306 0.300 122.905 0.048 -68.055 
2023-12-30 -0.029 2.161 96.351 0.301 122.785 0.049 -68.292 

BRANCH 3 x=8 km 
1992-02-16 -0.025 2.139 95.351 0.277 120.362 0.042 -65.606 
2013-05-16 -0.025 2.140 95.250 0.281 119.209 0.043 -68.874 
2023-12-30 -0.025 2.140 95.228 0.282 118.882 0.043 -69.140 

BRANCH 4 X=2 km 
1992-02-16 -0.056 2.279 102.067 0.404 138.170 0.073 -66.782 
2013-05-16 -0.053 2.277 101.618 0.407 135.839 0.073 -68.934 
2023-12-30 -0.053 2.277 101.585 0.407 135.509 0.074 -69.170 

Table I I : Results of the harmonic analysis 
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Annex 10 : SOBEK compu ta t i ons : scenar io 4 

aO hi a l f a l h2 a l fa2 h3 a l f a 3 
[m] [ml [ ° ] [m] [° ] [m] [ ° ] 

BRANCH 1 x=4 km 
-337.116 1992-02-16 -0 .007 2. 043 0.000 0.216 -81.749 0.014 -337.116 

2013-05-16 -0.008 2. 044 0.000 0.218 -81.819 0.014 -340.445 
2023-12-30 -0.008 2. 044 0.000 0.218 -81.850 0.014 -341.007 

BRANCH 2 x=8 km 
-354.672 1992-02-16 -0.030 2. 159 0.000 0.294 -68.677 0.048 -354.672 

2013-05-16 -0.029 2. 160 0.000 0.300 -69.707 0.048 -356.973 
2023-12-30 -0.029 2. ,161 0.000 0.301 -69.917 0.049 -357.346 

BRANCH 3 x=8 km 
-351.658 1992-02-16 -0.025 2. ,139 0.000 0.277 -70.339 0.042 -351.658 

2013-05-16 -0.025 2, ,140 0.000 0.281 -71.290 0.043 -354.623 
2023-12-30 -0.025 2, ,140 0.000 0.282 -71.573 0.043 -354.822 

BRANCH 4 x=2 km 
-12.983 1992-02-16 -0.056 2, ,279 0.000 0.404 -65.964 0.073 -12.983 

2013-05-16 -0.053 2. .277 0.000 0.407 -67.397 0.073 -13.788 
2023-12-30 -0.053 2 .277 0.000 0.407 -67.662 0.074 -13.927 

Table III: The fo l l ow ing table s h o w s the phase d i f fe rence of the M 4 and M 6 componen t 
compared the M 2 componen t at tha t po int . 

SEDIMENT TRANSPORT 2023-12-30 
ws-m001 .txt 

[sec] 

BRANCH 1 x-0 km BRANCH 2 x-8 km 

4 
° BRANCH 3 x-8 km - 3 — BRANCH 4 x-2 km 

Sflood ^ebb 

[ m 3 ] [ m 3 ] 

BRANCH 1 x = 0 km 2 9 6 8 9 6 1 7 5 
BRANCH 2 x = 8 km 2 2 2 4 6 3 9 9 1 
BRANCH 3 x = 8 k m 6 5 5 9 1 1 3 7 
BRANCH 4 x = 2 k m 2 7 0 9 8 4 0 4 1 
Table IV: Sediment t ranspor t dur ing the f lood and ebb period 

at the end of the ca lcu lat ion ( 2 0 2 3 - 1 2 - 3 0 ) 
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Annex 11: SOBEK computations; scenario 5 
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Annex 11: SOBEK compu ta t i ons : scenar io 5 

8 t} 

[ui]dVNH«<iz (UJ]dVN'll«ql 

[uildVN-UMQi 

Bed level 
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Annex 1 1 : SOBEK compu ta t i ons : scenar io 5 
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A n n e x 1 1 : SOBEK compu ta t i ons : scenar io 5 

[sfcui] is IW l IS 

Integrated sed iment t ranspor t [ r r r / s ] 
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WATER STAGES 2023-12-30 
ws-nO01.txt 



Annex 1 1 : SOBEK compu ta t i ons : scenar io 5 

V f lood Vebb V f l ood -Vebb 
. 1 0 6 m 3 • 1 0 6 m 3 • 1 0 6 m 3 

BRANCH 1 x = 4 0 0 0 m 
1 9 9 2 - 0 2 - 1 6 1 0 8 0 1073 7 
2 0 1 3 - 0 5 - 1 6 1 0 8 0 1 0 7 3 7 
2 0 2 3 - 1 2 - 3 0 1 0 7 9 1 0 7 2 7 

BRANCH 2 x = 8 0 0 0 m 
1 9 9 2 - 0 2 - 1 6 5 3 8 3 9 5 143 
2 0 1 3 - 0 5 - 1 6 4 9 8 3 5 4 1 4 4 
2 0 2 3 - 1 2 - 3 0 4 7 3 3 3 4 139 

BRANCH 3 x = 8 0 0 0 m 
1 9 9 2 - 0 2 - 1 6 4 1 0 5 4 6 -46 
2 0 1 3 - 0 5 - 1 6 4 5 0 5 8 6 - 1 3 6 
2 0 2 3 - 1 2 - 3 0 4 7 4 6 0 6 - 1 3 2 

BRANCH 4 x = 2 0 0 0 m 
1 9 9 2 - 0 2 - 1 6 7 8 2 775 7 
2 0 1 3 - 0 5 - 1 6 781 7 7 4 7 
2 0 2 3 - 1 2 - 3 0 781 7 7 3 8 

Table I: Vo lumes of wa te r tha t passes a channel dur ing the ebb and f lood period 

aO hi a l f a l h2 a l fa2 h3 a l f a 3 
[m] [m] n Cm] [° ] [m] n 

BRANCH 1 x=4 km 
1992-02-16 - 0 . 007 2. 043 90.132 0, ,214 98.748 0. 014 -65.366 
2013-05-16 - 0 . 007 2. 044 90.305 0. ,216 98.939 0. 014 -63.970 
2023-12-30 - 0 . 007 2. 044 90.396 0. ,216 99.057 0. ,015 -62.420 

BRANCH 2 x=8 km 
1992-02-16 -0 . 031 2. 154 96.331 0, ,289 124.829 0. ,048 -65.931 
2013-05-16 -0 . 028 2. 156 95.922 0, ,288 122.711 0. ,048 -63.247 
2023-12-30 -0 . 028 2. 156 95.959 0, .286 122.764 0. ,049 -62.142 

BRANCH 3 x=8 km 
1992-02-16 -0 . ,040 2, ,151 96.715 0, .294 126.242 0, ,045 -71.799 
2013-05-16 -0 . ,031 2. ,149 95.681 0, .286 122.041 0, ,045 -65.286 
2023-12-30 -0 . ,031 2, ,149 95.791 0, ,285 122.253 0. .045 -63.567 

BRANCH 4 x=2 km 
1992-02-16 -0. ,056 2, ,287 102.249 0, .410 139.201 0 ,073 -64.957 
2013-05-16 -0 . ,061 2, ,288 101.936 0 .410 138.231 0, ,076 -65.283 
2023-12-30 -0 , ,064 2, ,288 102.048 0 .408 138.631 0, .077 -64.232 

Table II: Results of the harmonic analysis 
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Annex 1 1 : SOBEK compu ta t i ons : scenar io 5 

aO hi a l f a l h2 a l fa2 h3 a l f a 3 
[m] [m] [°] Em] [ ° ] [m] [° ] 

BRANCH 1 x=4 km 
1992-02-16 -0 .007 2.043 0.000 0.214 -81.515 0.014 -335.760 
2013-05-16 -0 .007 2.044 0.000 0.216 -81.672 0.014 -334.885 
2023-12-30 -0.007 2.044 0.000 0.216 -81.734 0.015 -333.606 

BRANCH 2 x=8 km 
1992-02-16 -0.031 2.154 0.000 0.289 -67.833 0.048 -354.924 
2013-05-16 -0.028 2.156 0.000 0.288 -69.133 0.048 -351.013 
2023-12-30 -0.028 2.156 0.000 0.286 -69.153 0.049 -350.018 

BRANCH 3 X=8 km 
1992-02-16 -0.040 2.151 0.000 0.294 -67.188 0.045 -1.945 
2013-05-16 -0.031 2.149 0.000 0.286 -69.321 0.045 -352.329 
2023-12-30 -0.031 2.149 0.000 0.285 -69.329 0.045 -350.940 

BRANCH 4 x=2 km 
1992-02-16 -0.056 2.287 0.000 0.410 -65.296 0.073 -11.703 
2013-05-16 -0.061 2.288 0.000 0.410 -65.642 0.076 -11.092 
2023-12-30 -0.064 2.288 0.000 0.408 -65.464 0.077 -10.375 

Table III: The fo l l ow ing table s h o w s the phase d i f fe rence be tween the M 4 and M 2 , and 
M 6 and M 2 componen t at tha t point . 

SEDIMENT TRANSPORT 2023-12-30 
ws-nCX>1 .txt 

15000 , , . 30000 44700 

1 2 
BRANCH 1 x-0 km BRANCH 2 x-8 km 

T 4 
" BRANCH 3 x-8 km BRANCH 4 x-2 km 

Sflood Sebb 

[ m 3 ] [ m 3 ] 
BRANCH 1 x = = 0 km 2 9 3 4 0 6 5 3 2 
BRANCH 2 x = = 8 km 1 4 4 2 6 1 3 7 2 
BRANCH 3 x = = 8 km 1 3 3 9 3 3 6 2 4 
BRANCH 4 x = = 2 km 2 7 7 5 8 4 3 9 6 

Table IV: Sed iment t ranspor t dur ing the f lood and ebb period 
at the end of the ca lcu lat ion ( 2023 -12 -30 ) 
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Annex 12: SOBEK computations; scenario 6 
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A n n e x 12 : SOBEK compu ta t i ons : scenar io 6 

x s O g z 1 
< I cc 
£0 

5 S 

? a 
+ X 

O , • < 

"53-

o I 
z 1 < 1 
cc 
ea 

5 a 
+ X 

Bed level 
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BRANCH 1 
Wt-o002.txt 

0.3 

BRANCH 2 
Wl-o002.txt 

I 

0 | 2000 | 4000 I 6000 | 8000 | 10000 | 12000 | 14000 | 18000 
1000 3000 5000 7000 9000 11000 13000 16000 

• 1992-02-16 

A 2000-08-16 

x[m] 

1994-04-02 199605-17 

2023-12-30 

BRANCH 4 
wt-o002.txt 

• 1992-02-16 

A 2000-08-16 

X[m] 

1994-04-02 1996-06-17 

2023-12-30 



Annex 12: SOBEK compu ta t i ons : scenar io 6 
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WATER STAGES 2023-12-30 
wj-o002.txt 



Annex 12 : SOBEK compu ta t i ons : scenar io 6 

V f lood 
• 1 0 6 m 3 

BRANCH 1 x = 4 0 0 0 m 
1 9 9 2 - 0 2 - 1 6 1061 1 0 5 2 
2 0 1 3 - 0 5 - 1 6 1 0 6 0 1 0 5 2 
2 0 2 3 - 1 2 - 3 0 1 0 6 0 1051 

BRANCH 2 x = 8 0 0 0 m 
1 9 9 2 - 0 2 - 1 6 5 3 7 3 8 4 
2 0 1 3 - 0 5 - 1 6 5 5 9 4 0 8 
2 0 2 3 - 1 2 - 3 0 5 7 6 4 2 5 

BRANCH 3 x = 8 0 0 0 m 
1 9 9 2 - 0 2 - 1 6 3 9 3 5 3 7 
2 0 1 3 - 0 5 - 1 6 3 7 0 5 1 2 
2 0 2 3 - 1 2 - 3 0 3 5 3 4 9 5 

BRANCH 4 x = 2 0 0 0 m 
1 9 9 2 - 0 2 - 1 6 7 6 5 7 5 6 
2 0 1 3 - 0 5 - 1 6 7 6 4 7 5 6 
2 0 2 3 - 1 2 - 3 0 7 6 4 7 5 6 

Table I: Vo lumes of wa te r t ha t passes 

Vebb V f l ood -Vebb 
• 1 0 6 m 3 - 1 0 6 m 3 

9 
8 
9 

153 
151 
151 

- 1 4 4 
- 1 4 2 
- 1 4 2 

9 
8 
8 

channel dur ing the ebb and f lood period 

aO hi a l f a l h2 a l f a 2 h3 a l f a 3 
[m] [m] n [ml n [m] [ ° ] 

BRANCH 1 x= :4 km 
1992-02-16 -0.002 2.047 90.069 0.213 142. 335 0. 015 -52.689 
2013-05-16 -0.002 2.047 90.241 0.214 142. ,535 0. 015 -55.084 
2023-12-30 -0.002 2.047 90.333 0.214 142. ,712 0. ,015 -55.016 

BRANCH 2 X= :8 km 
1992-02-16 -0.015 2.165 96.064 0.267 161, ,866 0. ,054 -54.483 
2013-05-16 -0.009 2.164 95.609 0.266 159, ,632 0. 052 -54.812 
2023-12-30 -0.008 2.164 95.774 0.266 159, .828 0. ,053 -54.734 

BRANCH 3 x= =8 km 
1992-02-16 -0.010 2.155 94.904 0.259 158, .421 0, ,049 -52.683 
2013-05-16 -0.010 2.154 94.893 0.262 157, .751 0, ,049 -54.887 
2023-12-30 -0.009 2.153 94.846 0.261 157, .503 0, .049 -54.357 

BRANCH 4 x= =2 km 
1992-02-16 -0.030 2.299 101.402 0.344 173 .035 0, .091 -55.833 
2013-05-16 -0.024 2.301 101.533 0.345 171 .843 0, .091 -57.292 
2023-12-30 -0.024 2.301 101.689 0.346 171 .897 0 .091 -57.172 

Table II: Results of the harmonic analysis 

148 



Annex 12 : SOBEK compu ta t i ons : scenar io 6 

aO hi a l f a l h2 a l f a 2 h3 a l f a 3 
tm] Cm] [°] [m] H [m] [°] 

BRANCH 1 X= 4 km 
1992-02-16 -0 . 002 2.047 0.000 0.213 -37.803 0.015 -322.896 
2013-05-16 -0 . 002 2. 047 0.000 0.214 -37.946 0.015 -325.806 
2023-12-30 - 0 . 002 2. 047 0.000 0.214 -37.954 0.015 -326.015 

BRANCH 2 x= 8 km 
1992-02-16 -0 . 015 2. 165 0.000 0.267 -30.262 0.054 -342.674 
2013-05-16 -0 . 009 2. 164 0.000 0.266 -31.587 0.052 -341.640 
2023-12-30 -0 . 008 2. 164 0.000 0.266 -31.721 0.053 -342.056 

BRANCH 3 X= :8 km 
1992-02-16 -0 . 010 2. 155 0.000 0.259 -31.386 0.049 -337.395 
2013-05-16 -0 . ,010 2. 154 0.000 0.262 -32.036 0.049 -339.567 
2023-12-30 -0 . .009 2. ,153 0.000 0.261 -32.188 0.049 -338.895 

BRANCH 4 x= =2 km 
1992-02-16 -0, ,030 2. ,299 0.000 0.344 -29.769 0.091 -0.039 
2013-05-16 -0. ,024 2. ,301 0.000 0.345 -31.223 0.091 -1.891 
2023-12-30 -0.024 2.301 0.000 0.346 -31.482 0.091 -2.240 

Table III The fo l l ow ing table s h o w s the phase d i f fe rence be tween 
M 6 and M 2 componen t at tha t po int . 

SEDIMENT TRANSPORT 2023-12-30 

55-
E 

ws-o002.txt 

15000 
I [sec] 

30000 44700 

BRANCH 1 x-0 km 

BRANCH 3 x-8 km 

BRANCH 2 x-8 km 

BRANCH 4 x-2 km 

BRANCH 1 x = 0 km 
BRANCH 2 x = 8 km 
BRANCH 3 x = 8 km 
BRANCH 4 x = 2 km 

^f/ood 

[ m 3 ] 
2 0 2 5 4 
1 3 2 9 0 
4 9 6 7 
1 4 5 6 6 

°eZ>6 

[ m 3 ] 
1 1 3 7 6 
3 6 7 1 
5 4 9 8 
6 0 4 2 

Table V I : Sed iment t ranspor t dur ing the f lood and ebb period 
at the end of the ca lcu lat ion ( 2 0 2 3 - 1 2 - 3 0 ) 
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