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GLOSSARY

Coefficient for settled fraction during density currents [-]

set,dens

ooy ey Coefficient for settled fraction during eddy formation [-]

BIS Dredging Information System used in the Lower Sea Scheldt

B Buoys (for buoys 84 and/or 97)

C Suspended sediment concentration [mg/I]

c calibration constant used in formula for F, [-]

C, calibration constant used in formula for F, [-]

c, Coefficient used in suspended sediment concentration predictor [-]
C,, Coefficient used in salinity amplitude predictor [-]

c, Coefficient used in suspended sediment concentration predictor [-]
d Density of dredged sediment [kg/dm?]

DGD Deurganckdok

AS Salinity amplitude (variation per tide) [ppt]

F Tidal prism induced sediment influx [g/idal cycle]

F, Sediment influx due to density currents [g/tidal cycle]

F, Sediment influx due to eddies (horizontal entrainment) [g/tidal cycle]
HCBS High Concentration Benthic Suspensions

M mass of dry solids [ton]

Q Upstream river discharge [m?/s]

Q.. Net solid discharge due to density current [g/s]

Q.. Net solid discharge due to turbulent exchange in eddy’s [g/s]

P, density of the solid minerals [kg/dm?]

P, density of clear water [kg/dm?]

S Salinity [ppt]

tog Reference situation for densimetric analysis (empty dock)

toe Reference situation for volumetric analysis (24 March 2006)

T Temperature [°C]

TA Tidal amplitude [m]
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TDS Tons of dry solids
Vv Dredged sludge volume [m?)]
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1. INTRODUCTION

1.1. The assignment

This report is part of the set of reports describing the results of the long-term measurements
conducted in Deurganckdok aiming at the monitoring and analysis of silt accretion. This
measurement campaign is an extension of the study “Extension of the study about density currents
in the Beneden Zeeschelde” as part of the Long Term Vision for the Scheldt estuary. It is
complementary to the study ‘Field measurements high-concentration benthic suspensions (HCBS
2).

The terms of reference for this study were prepared by the ‘Departement Mobiliteit en Openbare
Werken van de Vlaamse Overheid, Afdeling Waterbouwkundig Laboratorium’ (16EB/05/04). The
repetition of this study was awarded to International Marine and Dredging Consultants NV in
association with WL|Delft Hydraulics and Gems International on 10/01/2006. The project term was
prolonged with an extra year from April 2007 till March 2008, ‘Opvolging aanslibbing
Deurganckdok'.

Waterbouwkundig Laboratorium— Cel Hydrometrie Schelde provided data on discharge, tide,
salinity and turbidity along the river Scheldt and provided survey vessels for the long term and
through tide measurements. Afdeling Maritieme Toegang provided maintenance-dredging data.
Agentschap voor Maritieme Dienstverlening en Kust — Afdeling Kust and Port of Antwerp provided
depth sounding measurements.

The execution of the study involves a twofold assignment:

» Part 1: Setting up a sediment balance of Deurganckdok covering a period of one year, i.e.
04/2007 — 03/2008
¢ Part 2: An analysis of the parameters contributing to siltation in Deurganckdok

1.2. Purpose of the study

The Lower Sea Scheldt (Beneden Zeeschelde) is the stretch of the Scheldt estuary between the
Belgium-Dutch border and Rupelmonde, where the entrance channels to the Antwerp sea locks
are located. The navigation channel has a sandy bed, whereas the shallower areas (intertidal
areas, mud flats, salt marshes) consist of sandy clay or even pure mud sometimes. This part of the
Scheldt is characterized by large horizontal salinity gradients and the presence of a turbidity
maximum with depth-averaged concentrations ranging from 50 to 500 mg/l at grain sizes of 60 -
100 um. The salinity gradients generate significant density currents between the river and the
entrance channels to the locks, causing large siltation rates. It is to be expected that in the near
future also the Deurganckdok will suffer from such large siltation rates, which may double the
amount of dredging material to be dumped in the Lower Sea Scheldt.

Results from the study may be interpreted by comparison with results from the HCBS and HCBS2
studies covering the whole Lower Sea Scheldt. These studies included through-tide measurement
campaigns in the vicinity of Deurganckdok and long-term measurements of turbidity and salinity in
and near Deurganckdok.

The first part of the study focuses on obtaining a sediment balance of Deurganckdok. Aside from
natural sedimentation, the sediment balance is influenced by the maintenance and capital dredging
works. This involves sediment influx from capital dredging works in the Deurganckdok, and internal
relocation and removal of sediment by maintenance dredging works. To compute a sediment
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In situ calibrations were conducted on 15 March 2006, 14 April 2006, 23 June 2006 and 18
September 2006 to calibrate all turbidity and conductivity sensors (IMDC, 2006f & IMDC, 20071).

1.4. Structure of the report

This report presents a global analysis of the collected data in order to illuminate the siltation
process and its influences in the Deurganckdok. In this respect, Chapter 2 will introduce the site of
investigation. It further describes the different possible driving processes (both natural and human)
leading to the siltation of the dock. Chapter 3 deals with the collected data over the one-year
measurement period and the performed analyses. These results will support the discussion on the
siltation process and its influencing factors in Chapter 5. Finally, Chapter 6 will discuss some
limitations of the actual data set and recommendations for a better investigation of the siltation
process in the dock.

I/RA/11283/06.129/MSA 4 versie 2.0 - 20/5/2008



TE(-#+%# $$% -+BB+%# "¢

4 +/ [*]/ c -2 D'"$!-+&
% * (" / = %%$-D + (? +- 3% +(% ;"(& $%' ?
9" 4%$,)+, / ,5)=50-$-) 0 )0 57&6%$0+; ;
o"#" . 3
"% (e} - ? B$% + % 0] (: " $ &0

1"#$%& '( + $ +'$- (& + 1%
2(--(:+%# &0$"$& "+ +&

+ 2 % O( $%' (+/ 1"#$%& '( O$ O

/ O (& O$ $ ($- - %# O (? )8 * $%' + * 4 $ O &0 - %' $%'
$ O +%:$" %' (? O '(&

)/ O B( (* (? !"#$%& '( + :"(E+ ' $ $ ':0 (2 9 8* +% O "$% 4
B : % O ZI!$D :$-- $%' O & % "$- " %&0O/ O B( (* +% O & % "$-
$ 90 * |/

N O Z!$D :$-- " $&0 !I; ( >0*

%#B"CC -$D

P =) L A
O '" '"#+%# (2 O '(& + ; "?2("* ' +% . ;0% / % , HB"!$"D ) O '+ E
&0 - $%' O 1"#$%& '( :$ B" $&0 '/ % G!-D ) 1"#$%& '( % (
(; % '/ O  &(%' '" '#+%# ;0% :$ ?2+%$-+P ' $ 2 : -$ "/ O ?+" "
O O+" '"'#+%# ;0% $" " $% +

$" ' +%&/ % H B"!$"D ) 8l

OS$E
) *(% O +* 5BD H B"!$"D ) ,6/

?2+%$-+P ' +%

E"+ ) 9) )



JE(-#+%# $$% -+BB+%# 14

4  +//*/ C -? D'"$!-+&
% @ * (") = %$-D+ (? +-3% +(% ;"(& $%"' ?
9"9" ,
O ?2+" ;%" (2 O I'D $+* $ ' "F+%+%# $  +* % B$-$%& (? 1"#$%E
+%?2-1@ (? '+* %/ O r* % B$-$%& &(*;"+ $ %I*B " (2 '+ % "$
o+ (% +%2-1@ (% &S+ $- U H+%H (" | +% "%$- " -$& * % $%' " *(E
( *$+% %$%& '" "#+%# SH+#!" )9)6/

(to /I (" O

*

o - (

+ 0 $ &O( % +%+ +$- &(

% ' (+ +(% &$% B &$-&!-$ ' ?2"(* $ &(*;$"+ (%
O *$ (2 " ;(+ ' +* 0% 4+ ' "ky0 ' 2"(* O +% #"$ +(% (? B ' ' % -
(" TS #"+' (+%  &(E "+%# O (& / !B "$& +%# B ' '+* % *$ $ - %
+% *$ (2 '+* % ;" % +% O (& 5*$ #"(: 06/ ''+%# &!*1-$ ' "D *$
g g 48 " H(E ' +%&  ( $%' !B "$& +%# $%D  +* % +%?-1@ '! (
(" - %" (O ($- &I*I-$ " *$ % "' 2"(* O &O -' "+E " +%& |/

),. /)0



+%
+ %

$%'

$%'

+/ /*/ C -? D'""$!-+& TE(-#+%# $5% -+BB+%#

% (" = %$-D + (?2 +-% +(% ;"(&
41*1-% +E %?-'@ ?"(* &O -'
% %(:% +%?-1@ 41%1-% +E $+% %$%&
48+ 3. " H+NH [ "U#+%# 5%% | +%& 6
?\ $ (: O
5 +% & 6

&

(

" (

S& "+ % *$

% + D "(?7+- ( (~
P -3 + 1, *
O *$+% ;!";( (2 O &(%' ;$" (? O I'D + ( #$+% +% +#0O
+- % +(% +% 1"#$%& '(/ O ?2(--(:+%# * &O$%+ * +-- B $+* ' $
X +'$-:"+*1 #// O @ "$ E(-!* +% $:$ " B('D'! ( O+#0 +°
X "D &+"&!-$ +(% ! (% +%# +'$- &!"" %
X % + D &!"" % ‘! ( $-+%+ D #"$'+ % B % O &O -' "+E "
X % + D &!"" % 'l ( O+#0-D &(%& % "$ 'B % O+& ! ; % +(%
) /)0 8 E"+ ) 9) )

#
?



4 +/ 1*] c -2 D'"$!-+& T E(-#+%# $$% -+BB+%# 1" ¢
% % (" = %$-D + (2 +- 9% +(% ;"(& $%' ?

Co

o) $:& (? OD'"('D%$*+& $%' '+* %  "$% (" ' "*+% O $"$*
*$ 1" 1"+ %# O ;"(7 &/ $ 1" * % :+-- B ?2(&' ' (% O D: (? +* &$-
&D&- 1 (% % $;9 ;"+%# &D&- $%' $ (%$- E$"+$ +(% :+ O+% (% D $"/
H(--(:+%# '$ $ $" B +%# &(-- & ' (!%' " $%' O * &0$%+ * =
(%+ ("+%# !'; " $* '+ &0%"# +% O &O -' "+E "/
(%+ ("+%# $-+%+ D $%' '+* % &(%& % "$ +(% +% O (" $ &O
1m0 (&% +(% $ ( ": -1 1;9 $% '(:% " $* (? O 1"#$%& "( /
(%# "% * $ 1" * 0% (2 $-+%+ D $%' | ; %' ' 4% % '+ "+Bl +(% +% I"#
(%+ ("+%# % $"9B ' ;"(& 5&!"" % E -(&+ DI !"B+'+ DI $%' B ' - E$ +|
& % "$- " %&O +% O ‘(&1 % $" O % "$%& $ :--% % $" O &!'"M % '
D%$*+& * $ 1" * % (?7 &!'"" % | $-+%+ D $%' "+* 0% "$% ; (" $ @]
1"#$%& ([
O"(1#0 +' * $ 1" * % (2 E " +&%- '+* % &(%& % "$ +(% ;"(?+- 9+%.
O+#0 &(%& % "$ 'B % O+& ! ; % +(% /
(%+ ("+%# '" '#+%# $& +E+ + $ % "$%& &O0$%% - (:$"° O $--
"%'" &0 -(& $ - " H+%HE U I+ %H $& +tE+ + +% O (: " $
% + ! &$-+B"$ +(% " &(%'!& ' (% E "$-'$ ( &$-+B"$  $-- I"B+'+
% (" /

y,. /)0 , E"+ ) 9) )



4 +/ /*  C

% *

-2

(2

(2

&

(2

) v
$+-) )-8
H H3 IH
1 ..
+ , -
+ , - 2
3
*
* 3
) I "4
+
+
P %" Y % &(%& % "$ +(%=
$-+%+ D
s
:$ " - E -
!
Py %" Y % & (%& % "$ +(%
E -(&+ D ;"(?+-
*ovs o
$-+%+ D
J! #$
Py % Y% & (%& % "$ +(%
-(&$- E -(&+ D
e
$ " - E -
% & &
1% (-+ &(%& % 'S +(%=
E -(&+ D ;"(?+-
Ay . (
1 %' (-+' &(%& % "$ +(%=
E -(&+ D ;"(?+-
(
;$" +&-  +P '+ "+B! +(%
&(H(+ +(%
P $;( % +$-
&(% (-+'$ +(%
0 $" " %# O
&$;;+-$"D & +(% +*
(
;$" +&-  +P '+ "+B! +(%
-+%# E -(&+ D
E -(&+ D= ;"(?2+- $%' -(&$-
Po% ' v % & (%& % "$ +(%= -(&S$-
- y,. 1)0

D'"$!-+&
("

& +5,,5 $-%

= *CE $ CE = CE
HEW # #NH#GEWN: @%NH#GFEWN:#

T E(-#+%# $$% -+BB+%#

%$-D + (?
$ 1
F CE F *CE

$

+- 3% +(%

CE

(&

CE

BHBE % G NH#GEW: # NHBEW:#) NH#HGEX:C

"+ ) 9)

$%'

"4
?



&-(

("

0
CH##E % # GHE

*$%D '$ $ 0% B
WE+"(%* % $-

$-

4 +/ /¥ C -? D'"$!-+&
%
CE
$+-) )-8 # %HBE%
1
+
N 2
*56
4
)
+ 4
+ 4
&
1%t E % & (%& % "$ + (%= ;" (?2+-
$-+%+ D
ovs o
:$ " - E -
) !
Py %' % &(%& % "$ (%
E -(&+ D ;"(?+-
AR I
$-+%+ D
A * 4 #$
Ly % % &(%& % "$ +H(%
-(&$- E -(&+ D
*Lote
'$ " - E -
% & &
V%t (- &(%& %S + (%= (24
E -(&+ D ;"(?+-
. ( &
L% (-4 &(%& % S +(%= ;U(2+-
E -(&+ D ;"(?+-
(
(S +&- +P '+ "+B! +(%
&(*;( + +(%
P $:( % +$-
&(% (-+'$ +(%
o $" " %# O
&%;;+-$"D 1& +(% +*
(
(P +&- +P '+ "+B! +(%
-+%# E -(&+ D
E -(&+ D= ;"(?+- $%' -(&$-
L% T % &(%& % S +(%= -(&S$-
. ||9||
% O ?2"$* :(" (2 4 $%'
" ; & ( $ E$ll+ D (?
%' ' '+ % & (%& % "$ +(% |
O +- 8% +(% ;"(& +% $%'
I"#$%& '( + - &
- ).. /)0

(

T E(-#+%# $$% -+BB+%#

I = %$-D + (?

CE & *B " F
CH#H % # GHE % : ##

cB |/
% # @E % : #

% &(-- & ' $-(%# O
E$"+$B- | 1&0 $ ?-(: E -(&+ DI
+%+ DI *; "$ 1" | :$ " - E -I

1"#$%& '( / $ " 1o

E"+ ) 9) )

+- 3% +(% ;" (&

CcB $"&0 8
NHBE %OFNH#GEN:#

$%'

&0 -'

"4
?

-+

o+
(%-D '$ $ +%
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en Gems Report 4.1: Analysis of siltation processes and factors

3.2.1. Previously reported analyses

Sediment balance: Bed measurements in Deurganckdok
o difference maps of bed elevation
o temporal evolution of bed elevation at specified sections and zones
o volumetric siltation rates in specified zones
= gross yearly averaged siltation rate
» natural siltation rate
o depth of equal density layers (from density measurements)
o computed total sediment mass (from density measurements)
o dredged sediment amounts from maintenance and capital dredging
o temporal evolution of tide prism by capital dredging operations
Quay-wall continuous monitoring (locations at entrance and back of dock)
o weekseries of salinity, suspended sediment concentration, temperature and water level

o average tidal cycles of salinity, suspended sediment concentration and temperature, and
their (cross-dock, along-dock and diagonal) gradients

Near-bed continuous monitoring (south of sill and the current deflection wall)
o time series of suspended sediment concentration near bottom
o time series of bottom elevation and water level

@]

tidal evolution (ebb — flood) of suspended sediment concentration in 10 equidistant layers in
1 m above the bottom

time series of velocity, suspended sediment concentration and sediment mass flux 0.5 and 1
m above bottom

@]

o tidal evolution (ebb — flood) of suspended sediment concentration, velocity and sediment
mass flux 0.5 and 1 m above bottom

Dock entrance (measurement grid)

o vertical profiles of suspended sediment concentration, salinity and temperature
o time evolution of the above-mentioned vertical profiles

o transects of suspended sediment concentration, salinity and temperature

o bottom elevation

o averaged values of suspended sediment concentration, salinity and temperature for the
entire water column, and the top and bottom 50% of the water column

Dock entrance (transect along sill)

o transects of suspended sediment concentration, velocity and sediment mass flux
o time series of discharge and sediment mass flux

Buoy 84 and 97
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o time series of suspended sediment concentration, local velocity, temperature and water level:
measured near bottom and at half of the water column

o monthly and three-monthly averages, minima and maxima in relation of the tide
* Scheldt area around Deurganckdok

o transects of suspended sediment concentration, velocity and sediment mass flux
¢ Deurganckdock: inside and entrance area

o particle size distribution of both bed and suspended sediment

o bed: sediment composition, zeta potential, consolidation, shear strength, capillary suction
time

o water column: settling velocity
o velocity: local and profile

3.2.2. Supplementary analyses

» Quay-wall continuous monitoring

o hysteresis loop of salinity and suspended sediment concentration gradients in relation to the
upstream discharge rate
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4. CONCEPT OF A SEDIMENTATION MODEL WITH DATA-
ASSIMILATION

4.1. Introduction

To investigate the sediment accumulation in Deurganckdok, it is essential to gain knowledge on
the sediment transport phenomena and their influencing processes and/or parameters. A large
number of measurements have been obtained and analysed. This knowledge gives now the
opportunity to set up an emprical model of the sedimentation of a tidal dock based on physical
processes and data assimilation.

On a yearly basis, the settled sediment mass M,.,, is calculated as:

M,, = [F,di- [F, dt

year year

Whereas the incoming flux F; at the dock entrance depends on both the flow rates and the
suspended sediment concentration, contributions to the outgoing flux F.; are related to local
dredging operations (sweepbeam) and erosion. Erosive fluxes are considered as of minor
importance because the general layout of the dock acts as a sediment trap (cf. depth in relation to
the entrance sill). As will be discussed later, eddy flows at the dock entrance may result in an
outgoing sediment mass flux but this will be intrinsically considered in the ingoing flux definition.
Hence, the settled sediment mass is rewritten as:

M,, = [F, d

year
year

As a result, the sediment mass accumulation in the dock can be determined in two ways, i.e:
* The increase of bed sediment mass measured by density profiles, and
¢ The time integration of the sediment mass flux at the entrance of the dock.

However, it is clear that the first method requires in situ density profiles that have only been
measured once in the considered period of March 2006 - March 2007. Uncertainties on the
dredged sediment masses only make this method more complicated. It is therefore suggested to
develop for the time being only the second method in order to make a best estimate of the
sediment accumulation in the dock.

Hence, the aim is to develop a relation between the incoming sediment mass flux and the different
contributing processes occurring outside the dock, i.e. in the Scheldt river. It should be stated from
the beginning that the mass flux concerns an estimate and that its accuracy strongly depends on
the availability and quality of the collected data. The sediment mass flux can indeed be determined
at different levels of detail and complexity, i.e. considering more influencing parameters or
processes. Obviously, the less influences are considered, the larger the error will be on the yearly-
accumulated mass in Deurganckdok. However, the consideration of these influences in defining
the mass flux is only possible when collected data allows it.

Hence, the accumulated sediment mass in the dock can be estimated as:
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M,, = j j v(x, 2, 0).0(x, 2,1) dA dt

year A

where dA is an elementary part of the cross-sectional area at the entrance. Hence, the local flow
velocity and suspended sediment concentration need to be estimated to compute M., These two
variables depend on different environmental conditions, and are discussed below.

4.2. Local velocity

The local velocity at the dock entrance depends on the vertical and horizontal velocity profiles. Its
spatial distribution is tide-driven and results from differences in water level between the Scheldt
and the inner-dock area. Additionally, salinity driven density currents and eddy currents at the
entrance may complicate the velocity profiles. Thus:

Flow velocity ~ Tidal amplitude h
~ Salinity amplitude

4.3. Local suspended sediment concentration

The influx of suspended sediment concentration obviously depends on the concentration in the
Scheldt river and local bottom shear conditions. Therefore:

¢, DGD ~ ¢, Scheldt
~ salinity ~ tidal amplitude / upstream river discharge
~ temperature (seasonal effects)
~ shear stress ~ tidal amplitude (neap, mean and spring tide)

4.4. Practical approach

The above indicates that different relationships need to be determined in order to allow the
consideration of sediment transport influencing factors in the flux calculation. The success of this
exercise largely depends on the quality and availability of measurement data. During the period
March 2006 — March 2007 many data have been collected, as summarized in §3.

For developing the relations, some data collection locations are essential, i.e.

* buoys 84 and 97, located in the Scheldt river (locations shown in Appendix A): measurements
near the bottom and half of the water column (IMDC 2006e, IMDC 2007h, IMDC 2007i);

¢ both sides of dock entrance: measurements near the bottom and half of the water column
(IMDC 2006e, IMDC 2007h; IMDC 2007i);

¢ 13-hours intensive measurement campaigns at dock entrance returning the local and total
sediment mass flux (IMDC 2006 b, ¢, d; IMDC 20079).

Whereas the 13-hours measurement campaigns reveal detailed information on the spatial and
temporal (during spring and mean tide) evolution of the local flow velocity v, the suspended
sediment concentration ¢ and on the related sediment flux in the vicinity of the entrance of DGD,
the other measurements give long-term evolutions of some local variables.
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Hence, from the short-term measurements a spatial relationship can be established between the
tidal evolution and the sediment mass flux. Moreover, temporal evolutions of salinity, suspended
sediment concentration and velocity (incl. density currents and recirculation flows) are determined.

The aim subsequently consists of developing a relationship between the local mid-term (near-
bottom and near-surface) measurements at the quay walls of the dock entrance and the cross-
sectional measurements. However, these mid-term measurements do not cover a complete year.
For that reason, a relationship needs to be established between the mid-term measurements at the
dock entrance (covering appr. 3 months) and the long-term measurements performed at buoys 84
and 97 in the Scheldt (covering an entire year). This is further specified below and in Figure 4-1.

Assume the following measurement periods:

¢ short-term at dock’s entrance cross-section (13 h): [fgzs,fgze]
e mid-term at dock’s quay walls (~3 months): lfMT,DGmJMT,DG&J

¢ long-term at buoys 84 and 97 (~1 year): llLT,B,SJLT,B,eJ

ADCE: 0B S-3ARCHM-9:
P Literature
F T OG0
=t iy
KT OCD

MMr.DCD

3 Establish e xpression for f Establish e xpression for f
Expressions for Calculate Caleulate
F+F+F=F, Crropcn M{r,ncn

3

Long term caleulation of
FHF+F=F,

Time integration of ]
ne

M

year

Figure 4-1: Overall method for empirical model of sedimentation in Deurganckdok with data-assimilation.
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Step 1: determination of relationship between mass flux and locations at sides of dock entrance

The sediment mass flux per tide is only available during the cross-sectional measurements and is
a function of a string of parameters:

Fnet = fST (CMT,DGD > SMT,DGD > ASMT,DGD > QLT > TLT > h)

Not only the suspended sediment influx as well as the distribution of suspended sediment along
the dock’s entrance are observed during in situ measurements, the flow pattern is observed as well
from which important insights in the active mechanisms can be deduced.

Variables T, h and Q are long term variables and are available the entire year. To the contrary, ¢
and S are only available for mid term periods and need to be further specified. Therefore, in order

to calculate F,, for every tide in a year, ¢ and S need to be available throughout the year. For this
purpose relationships in step 2 are established.

Step 2: determination of relationship between locations at sides of dock entrance and Scheldt

Since during three mid term periods measurements exist both at the buoys in the Scheldt (non-
stop) and at the dock’s quay walls (about 6 weeks), relationships can be established and calibrated
for a number of required parameters between the locations at the buoys and the dock’s entrance:

+ Sediment concentration:
The relationship can be established based on:

CMT,DGD = fLT,c (CLT,B ’ SLT,B ’ hLT)

Of which all parameters are known. Once f, . is known the long term sediment concentration

near the dock’s entrance ¢, ,;, can be estimated for the complete year by:

Crr.p6p = fLT,c (CLT,B’ SLT,B )

Here, it is assumed that the sediment concentration at the buoys in the Scheldt and the sediment
concentration at the dock’s entrance are linked by salinity and tidal amplitude at the buoys in the
Scheldt as these two parameters determine to a large extend the flow velocity. Note that sediment
concentration measurements in the Scheldt show a distinct behaviour for spring tides at which a
sudden increase of sediment concentration can be observed. This observation is assumed to be
the result of an increased bed shear stress exceeding the critical shear stress for erosion or
resuspension. Furthermore, the tidal mean salinity level is a measure for the position of the
turbidity maximum, which is an important influence on sediment concentrations.

¢ Salinity (and salinity amplitude):
In the same way, a relationship is assumed to exist between the salinity amplitude AS,, ., atthe

dock’s entrance at one hand and the salinity S, , and the salinity amplitude AS, ; at the buoys
in the Scheldt. The relationship can be established from:

ASMT,DGD = fLT,AS (ASLT,B ’ SLT,B )
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Again, all these are known since measurements in the dock are mid term and the measurements
at the buoys are long term. Once f,; ,; has been found, the salinity amplitude on the long term

can be estimated by:
ASLT,DGD = fLT,AS (ASLT,B H SLT,B )

Step 3: Sediment mass flux

Using the parameters calculated in step 2 for the complete year, the net sediment flux per tide £,

can be calculated for each tide during this year. Time integration of F,,, over the year leads to the
cumulative influx of sediment into the dock due to natural mechanisms.

t,

Myear = J‘ fST (SLT,DGD ’ ASLT,DGD ’ CLT,DGD ’ Qt’ 7; )dt

t:
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5. IMPLEMENTATION OF A SEDIMENTATION MODEL WITH DATA-
ASSIMILATION

5.1. Introduction

In order to estimate the annual sediment accretion due to natural phenomena, the relationships
mentioned above need to be established. The main objective is to determine the trends in
sediment influx within neap-spring cycles, high and low river runoff periods and different seasons.
Combining the different effects into an estimate of sediment influx per tide leads to a continuous
series.

First, in order to determine which driving parameters are needed for the long-term estimate of the
sediment influx per tide, mid term measurements of these parameters have to be available.

Secondly, the year-round measurements at buoy 84 and buoy 97 can be used as a basis for the
determination of the first level of estimations: from three mid-term measurement campaigns at the
entrance of Deurganckdok (salinity and suspended sediment concentration) and the
measurements of salinity at the buoys in both directions at about 2 km from the dock an empirical
relation can be established to estimate the measured parameters near the dock in between the
measured periods. Estimated parameters need to be selected in advance.

Thirdly, a semi-analytical solution can be determined for the sediment accumulation in the dock
based on the continuous series obtained in the second step. The solution can be partially checked
by comparison with short-term measurements (through-tide).

5.2. Parameters needed for influx estimate

Three main forces near the entrance drive the mixing of estuarine sediments into the dock: density
currents, large eddy circulation and tidal filling. As a consequence the sediment inflow will be
determined based on mean salinity, salinity amplitude and mean sediment concentration in the
estuarine waters near the dock and the tidal amplitude.

5.3. Determination of relationships between physical parameters

Of the three main parameters chosen to be variables in the influx estimating model, two have to be
determined from an empirical relationship between measurements at two buoys (buoy 84 and
buoy 97) on one end and at the entrance of the dock at the other end: salinity amplitude and mean
sediment concentration.

Since the long-term character of the estimate, all instantaneous measurements have been low
pass filtered with a window of 7 days. In this way the trends on weekly timescales can be
determined, and shorter-term variations will be introduced through the tidal amplitude of each tide.

Different relationships have been tested for their ability to predict the values at the dock’s entrance:
salinity amplitude and sediment concentration.

5.3.1. Salinity amplitude

In this section the function mentioned higher is established:

ASLT,DGD = fLT,AS (ASLT,B ’ SLT,B )
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The following functions have been tested for their proportionality with salinity amplitude at
Deurganckdok (in blue in Figure 5-1):

Salinity difference between buoy 84 and buoy 97 (= S 44, — S 50, , Figure 5-1 a);

Difference in tidal average salinity at B84 and B97 (= @ —@ )i
Difference in salinity amplitude B84 and B97 (= AS 5, —AS o, );
Amplitude of salinity gradient between B84 and B97 (= A(S ;5, — S ;47) » Figure 5-1 b);

Average of salinity amplitudes B48 and B97 (= 0.5(AS ,, + AS 5, ) , Figure 5-1 ¢)
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with (1-NRMSE) for the low estimate and with (1+NRMSE) for the high estimate, which are shown
by the interrupted lines in Figure 5-5.

5.3.2. Suspended Sediment Concentration
In this paragraph following function will be established:

Crr.pep = fLT,c (CLT,B ) SLT,B )

Since the spatial variability of the suspended sediment concentration is very high in a dynamic
environment like the Scheldt’s estuary it is very difficult to adopt the same principle as for salinity
amplitude, i.e. that the values near Deurganckdok can be estimated from measurements at buoy
84 and buoy 97. The estimated suspended sediment concentration near the entrance of the dock
will not always be directly related to the measured suspended sediment concentration at the
buoys. The equation above reduces to:

Crr.pep = fLT,c (SLT,B )

Based on the fact that suspended sediment can only be kept in suspension against gravity through
turbulence induced vertical mixing, the suspended sediment concentration will be dependent on
maximal flood and ebb velocity, which in turn is dependent on the tidal amplitude of surface
elevation. A first factor in the estimate of tidal average suspended sediment concentration will be
dependent on the tidal amplitude.

Based on the long term measurements it was found that variations in average suspended
sediment concentration between neap and spring tide with other conditions relatively constant
were 30% more (spring tide) and about 30% less (neap tide) compared to average tides. Therefore
the first (dimensionless) factor for SSC estimation is taken to be:

Equation 5-3:
¢, =hlh

Since tidal elevation is around 3 m for neap tides, 5 m for an average tide (Z) and 6.5 m for spring
tides, ¢, varies from 0.7 to 1.3 during a regular neap-spring cycle.

The second important feature in the long-term variation of average suspended sediment
concentration is the position of the turbidity maximum, which is a zone occurring in meso and
macro tidal estuaries at which sediment concentrations are higher than elsewhere (Dyer, 1973).
Furthermore the position of the turbidity maximum is influenced by the upstream river discharge.
The combined effects of tidal pumping and river discharge determine its position and formation.
Tidal pumping occurs due to the flood-dominated tidal asymmetry causing higher flood velocities to
resuspend and transport more sediment inland than ebb velocities transport seaward. At one point
along the estuary the influence of river discharge on amplification of the ebb current velocity
becomes important enough to counter tidal pumping and to form a sediment trap. Hence, a higher
river runoff causes a more seaward position of the turbidity maximum, and causes a more seaward
position of the tip of the salt intrusion. Usually the turbidity maximum is located near the tip of the
salt wedge, or at average salinity of 1 to 5 mg/l. Since average salinity is known for the two buoys
and the average salinity decreases gradually towards the tip of the salt wedge, the second factor
for the estimation of average sediment concentration can be taken to be a function of the mean of
the average salinity of buoys 84 and 97.

Physically the following statement should be implemented in this factor: the distance to the turbidity
maximum is related to the average suspended sediment concentration and the average salinity is
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5.4. Estimation of long term sedimentation

Since the momentum of currents in the dock is very limited the amount of sediment deposited in
the dock will always be dependent on the amount entering the dock, i.e. the fraction of suspended
sediment entering which is not advected out. This fraction is dependent on the settling velocity. In a
first stage, the settling velocity over a tidal cycle will be assumed constant. It will be assumed that
hydrodynamic conditions within the dock will never result in bed shear stress high enough to erode
and resuspend sediments.

The net flux of sediments can be described by the integral in Equation 5-6, the convention for
velocity v being positive downstream or outbound the dock. The total flux can be decomposed into
three components. (i) the flux due to the average velocity over the entrance section of the dock,
meaning the tidal filling and emptying of the dock with a volume equal to its tidal prism (first term in
Equation 5-7); (i) the flux due to mixing effects induced by density currents, typically characterised
by velocity stratification; (iii) flux generated by eddies along the entrance of the dock (horizontal
entrainment).

Equation 5-6:

F=-— j j w(t, x, 2)c(t, x, )dtdA
AT

Equation 5-7:

F = =A@t =T, [ V00 (6, 200 DAA=T, 3, [V, 10, (x, D, 2)dA
T

A A
=F+F,+F,
where: A s the cross sectional area of the entrance of DGD
v is the flow velocity perpendicular to the entrance (convention positive downtream).
c is the suspended sediment concentration
T is the tidal cycle period
T

dens

is the duration of density currents

T, s the duration of eddy circulation

Vs 1S the velocity perpendicular to the entrance due to density currents

V.44, 18 the velocity perpendicular to the entrance due to large eddies

F is the net sediment flux during 1 tidal cycle (convention positive downstream)..
F, is the tide induced sediment influx

F, is the sediment influx due to density currents

F, the sediment influx due to eddies (horizontal entrainment).
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5.4.1. Tidal Filling

The first term in the RHS of Equation 5-7 can be seen as the fraction of sediment influx due to the
tidal filing and emptying of the dock. The velocity and sediment concentration in this term are
averaged over the cross section. A function for an estimate of this term should therefore be a
function of tidal amplitude, average sediment concentration and dock’s surface area, which are all
known or estimated in previous steps.

This function is thus of the following shape, being an estimate for the sediment influx in g per tidal
cycle:

Equation 5-8:
F =c.hA,.c

in which: ¢, is a dimensionless constant (=0.9), h is tidal amplitude (m/tide), A, is the surface area

of the dock (m?) and c is the average sediment concentration over the entrance’s cross section
area (g/m?).

The constant ¢, in Equation 5-8 is a measure of the fraction of the sediment entering due to tidal

filing remaining in the dock after settling. Since an extensive measurement campaign on sediment
properties and settling has been carried out in the dock from 5 to 7" of September 2006 a good
amount of information is present about the settling velocity, floc size and settling fluxes near the
bottom (IMDC, 2006g). Floc size and floc settling velocity spectra were measured using the
INSSEV equipment. Floc settling velocity has been found in the range of 0.5 to 1.5 mm/s for
microflocs and of 2 to over 5 mm/s for macroflocs. Concerning residence time of a floc in the dock
—only taking into acount tidal prism exchange- the exchange rate is compared to the volume of the
dock. This short exercise learns that the residence time is at least 40 hours in absence of eddy’s
and density currents and taking into acount a nominal depth of the dock at half its length
{construction in progress). When this number is compared to a settling velocity in the range 0.5 -5
mmy/s, one can only conclude that sediments suspended in water entering the dock due to tidal
filling must be settled out almost completely. The fraction ¢, has been taken at 0.9.

5.4.2. Density Currents

The second and third term in the RHS of Equation 5-7 are a measure of the mass of sediment
accumulating in the dock due to phenomena with important spatial gradients over the dock’s
entrance, i.e. density currents and horizontal eddy circulations respectively. In this case the velocity
and sediment concentration are the average over one tidal cycle since concentration gradients are
very difficult to be calculated in between the measurement periods. For the velocity of density
currents and eddies one value is used per tide based on a parameter with the capacity to predict
the intensity of the current: salinity amplitude for density currents, tidal amplitude (tidal coefficient)
for large eddies.

The integral could be approximated by a function of average sediment concentration (available by
estimate) and the intensity of the density currents / eddies, the latter being unavailable throughout
the whole year. Therefore it will be assumed that the salinity amplitude at the dock’s entrance is a
measure for the intensity of the density current, as it is the driving force for exchange between high
and low density volumes resulting in stratified current profiles. The tidal amplitude is a measure for
flood and ebb velocities in the Scheldt River; in turn inducing shear along the open entrance to the
dock, resulting in large eddies at the entrance. The vorticity of the eddy has an opposite sign
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Equation 5-9:
| _de
_ dzlgw  dzlpw
set,dens @
dZ tidalcycle

The velocity related to the density difference can be found in Kranenburg (1996), and is expressed
as follows assuming no friction with the bed and equal layer thickness:

Equation 5-10:
u, =0.5(ggh)"”

in which: SZM;(p2>p1 and £ <<1)

2

Now it follows that the net solid discharge due to density currents can be calculated from a number
of estimated parameters (each with low, normal and high estimate):

Equation 5-11:

Qs,d = s dons (%jcz (gg h)l/zz

where: A is the cross sectional area of the entrance, c¢, is a constant, £ is the relative density

difference per tide (equivalent to the salinity amplitude), « is a coefficient representing the

set,dens

settled fraction of sediment inflow due to density currents and ¢ is the tidal average sediment
concentration.

In this relation Ap is a measure for the pressure gradient providing momentum for density
currents, in turn being an indicator for the intensity of the density current.

Coefficient ¢, is dimensionless and has been used to calibrate the suspended sediment flux

against available observations from through-tide measurements. From Equation 5-10 its values
should be close to 0.5, here it has been set to 0.55 after comparison of estimated density current in
Equation 5-11 and observed density current magnitude during through-tide measurements with
ADCP equipment.

Additionally, the effect of tidal filling and emtying on the density current should be taken into
account. In Figure 5-10 an overview is given of schematisations of different possible situations.
When the dock is being emptied by falling water levels all the net outflow has pass through half of
the cross section (again for schematised density current with equal flow area in and outgoing
currents). In case of DGD the dock is relatively fresh (lower salinity) during tidal emptying, and thus
the top right plot applies. For tidal filing of DGD the middle lower plot applies.
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6. CONCLUSIONS AND RECOMMENDATIONS

The annual sediment influx in Deurganckdok has been estimated after synthesis of extensive
measurement campaigns at short, mid and long term durations. Extensive use of the available
data has led to an estimated inflow of sediments due to natural phenomena of 860,000 TDS in
twelve months between 1% of April 2006 and 31% of March 2007. An uncertainty of 30 to 40%
should be taken into account due to a range of spatial and temporal gaps in the data hailing from
the limited possibility of measurement coverage. Sedimentation rates per tide range 500-1000 TDS
for neap tides and 1000-2500 TDS for spring tides.

Numerical modelling efforts in the past have shown results of similar magnitude with sedimentation
rates at 1200 TDS per neap tide and 1700 TDS per spring tide (IMDC, 1998; Fettweiss et al.,
1999). New modelling efforts with highly detailed 3D models being carried out by Van Maren
(2006) show results of 700 to 1500 TDS per tide. The report points out the significant effect of
constructing a current deflecting wall at the dock’s entrance.

Density profiling campaigns of the dock’s bed in 2005 (IMDC, 2006f) where removed material by
dredging has been taken into account have shown sedimentation rates in the central trench only
(with half the dock’s length at that time) of 300 to 750 TDS per tide. Through-tide measurement
campaigns using ADCP backscatter have shown net sediment import figures of 400 to 700 TDS
per tide.

When the obtained estimate is compared to the dredged mass of about 800,000 TDS in the same
period we can say the estimated influx is relatively close, since the sediment mass present in the
dock increased with 100,000 TDS over one year.

Towards the future analyses of siltation in Deurganckdok, the empirical model presented in this
report is a promising tool for determination of the dock’s siltation rate with relatively limited effort.
Moreover, after repeating the exercise over the planned next two years (April 2007 — April 2008
and April 2008 — April 2009) the model can be calibrated and validated for the dock with full lengh.
The parameters determined as such can then be applied as long as the dock’s geometry remains
unchanged. In that case the only input data required is salinity in the Scheldt River up- and
downstream of the dock.

Therefore, it is important data acquisitions at both buoy 83 and buoy 95 are continued. These data
sets -combined with simultaneous measurements in the dock— will then allow further tuning and
uncertainty reduction of the present model.
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APPENDIX A. LOCATION IN SITU MEASUREMENT
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APPENDIX B. SILTATION RATES PER MONTH



SUHI"+# * +%# % 1"HSW& ‘(= ;E(-#+%# % $%$-D $$% -+BB+%

%$-D + +- 3% +(% "(&
(&% +(%=

1"#$%& ' (

9 ;"9) 9.9 ;"9)

> ?
g X
> 2
%
)
8>?
ocCccC
IL Ls |.).B
A L
) ! : $$
’ C
T coc
T
)
)
)
)
e
)
JCC
ICC
) 8 . 0 ) 8 . 0 ) ) ) ). ) ) ) )8 ). )o
L% 4t % &(%& % "$ +(% 5861 $-+%+ D $*;-3%1 " 5B61%0 + %

+'$- "$%# 5&6 $%' +*$ "+* % %?-1'@ ;" +'$- &D&- 5'+6/*' +

).. 1)0



$H#'I"+# * +%#H % I"#$% & '( = T E(-#+%# % $%$-D
%$-D + +- % +(% "(&
(&% +(%=
1"#3% & '(
9 $D9) 9 9 $D9)
) 5$6
g 99 k k ko k ok Kk
5B6
ko ok k k_
kK 9
)
85&6r + + r r r r r rr
I|_| 9g =gLglLgkg it/
B (L "
y lg L
i
/A
) + + o+ o+ o+ o+ + + o+ o+ %
)
))
)
Jt_
« )
Jcc
icc
) 8 0 ) 8 0 ) ) ) ) ) ) )8 )., )o
L% 4t % &(%& % "$ +(% 5861 $-+%+ D $*;-3%1 " 5B61%0 + %
+'$- "$%# 5&6 $%' +*$ "+* 0 %?-1@ +'$- &D&- 5'+6/*' +

).. 1)0

$$%

-+BB+%



SUHI"+# * +%# % 1"HSW& ‘(= ;E(-#+%# % $%$-D $$% -+BB+%

%$-D + +-$ +(% "(&

(&% +(%=
1"#3% & '(
9G!%9) 9 . 9G!%9)
Zbo T T T T T T T T T T T T T T T
(a)
150_ ................................................. —
)
Broof L -
50 1 -
0 1 | | |
5B6
1 1 9 _ 9 99999 9
)
B
5&6
i .
L L L[(&gl-; [ DE . vangLnggng(b
=L9 _gugy
)
9icc
)
)
#I1CC
)
ECC
B ;
C# C9 C: C! CG CE CB CJ CY #C ## #9 #: #! #G #E #B #J #Y 9C 9# 99 9: 9! 9G 9E 9B 9J 9Y
L% 4t % &(%& % "$ +(% 5861 $-+%+ D $*;-3%1 " 5B61%0 + %
+'$- "$%#H 58&6 %' +*$ ! '+* 0 %?-1@ ;" +'$- &D&- 5'_55/*: + .

).. 1)0



$HE1"+H#H * +%H % 1"#$3% & '( = ;E(-#+%# % $%3$-D $$%
%$-D + +- 3% +(% "(&
(&% +(%=
1"HS%& ' (
Q 9G!-9) 9. 9G!-9)
Zbo T T T T T T T T T T T T T T T T T T T
@) )
150_ .................................... —
;:100 . —
so|- 7o R i e e T S ;—n\_,,,,ﬂ ,,,,,,,,, e it o
0 1 | 1 | 1 | 1 | 1 | |
> 7
% . % % %
)
(
8
S g%
(Le
)
)
)
)
e
)
) 8 0 ) 8 0 ) ) N ). ) ) ) I8 ). )0
'$D
L% 4t % &(%& % "$ +(% 5861 $-+%+ D $*;-3%1 " 5B61%0 + %
+'$- "$%# 5&6 $%'  +*$ Y% %2-1@ ;" '

+'$- &D&- 5'6/,
+ *

+
).. 1)0

-+BB+%

































