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Abstract

This study attempts to model sediment transpodsraind the resulting bed evolution in a complex
estuarine environment: the Gironde estuary, charaed by a high hetereogeneity in the sediment bed
composition, with the presence of both cohesiveramcohesive sediments and sand/mud mixturesn@im
objective is to extend an existing 2D morphodynamadel developped by Huybrechts et al (2012b) for-n
cohesive sediments, to account for the presengaudf and to draw some preliminary step for a fullixed
sediment morphodynamic model. Our framework isfihiée element Telemac system (release 6.1), wteze
two-dimensional (depth averaged) approach has $elented for large scale and medium term simulation

The first part of this work is devoted to the arstanding of sedimentation-consolidation procefses
pure mud, combining laboratory experiments and &Riecal models. Cohesive processes are then ingzhma
the 2D (depth-averaged) large scale morphodynanidehof the Gironde estuary developed by Huybreehts
al. (2012b). Erosion/deposition experiments werdopmed at the RWTH laboratory (University of Aache
Germany) to calibrate the erosion and depositisndarameters. Moreover, the effect of consolidat®taken
into account through the implementation of a 1DW<ain-based sedimentation-consolidation model (Tieb
al., 2011) using analytical closure equations fmpeability and effective stress. Special attentsopaid to the
initialisation of the bed structure. Comparisonsateen measurements and model results are achievédtb
suspended sediment concentration records and omméerm (5-year) bed evolutions.

In the second part, a new 1DV model for the hindesettling of sand-mud mixtures has been
developed based on the background of non-cohesidésferse models. The numerical solution has been
constructed by considering a high-order of accuracypace via a Weighted Essentially Non Oscillator
(WENO) reconstruction technique and in time viaeal space-time Discontinuous Galerkin (DG).The ehasl
then validated against a large range of experinhelatta (mono-disperse sand, mud, non-cohesivespiedse
and non-cohesive/cohesive mixture).

Keywords: Morphodynamic modelling, cohesive sediment, seditation, consolidation, hindered settling,
sand-mud mixtures.

Résumeé

Cette étude tente de modéliser les taux de transigosédiments et I'évolution du lit dans un milieu
estuarien complexe : I'estuaire de la Gironde, atére&sé par une grande hétérogénéité dans la cdampodes
sédiments de lit, avec la présence de sédimentsifetet non-cohésifs ainsi que des mélanges saiskux.
Notre objectif principal est d’étendre un modélerpimdynamique 2D développé par Huybrechts et allZB)
pour les sédiments non-cohésifs, afin de tenir ¢erdp la présence de la vase et d’établir une ¢tagieninaire
pour un modéle morphodynamique avec des sédimeitesnNotre outil d’étude est le systéeme Telemac
(version 6.1) ou l'approche bi-dimensionnelle a é#&ectionnée pour des simulations a grandes éshell
spatiales (150 km) et moyen terme (5 ans).

La premiére partie de ce travail est consacrée éohapréhension des processus de sédimentation-
consolidation de la vase pure, en combinant expée® et modeles 1D verticaux. Les processus dunsédli
cohésif sont ensuite intégrés dans le modéle mdsptaomique de I'estuaire de la Gironde. Des expégen
d’érosion et de dépdt ont été réalisées au labioea®RWTH (Université d’Aachen, Allemagne) pour baér les
parametres des lois d'érosion et de dépét. En,digffet de la consolidation est pris en compteaders la mise
en ceuvre d'un modele 1DV de sédimentation et ciolagimin basé sur la théorie de Gibson (Thiébot.e2811)
en utilisant des équations de fermeture analytpue la perméabilité et la contrainte effective.elattention
particuliére est accordée a l'initialisation desteucture verticale du lit sédimentaire. Les mes@atees résultats
du modéle sont comparés sur les concentrationsétiments en suspension et sur I'évolution du fomabyen
terme (5 ans).

Dans la deuxieme partie, un nouveau modéle 1DV [gosédimentation entravée des mélanges sablo-
vaseux a été développé sur la base de modéleslé&smpour des mélanges bi-disperse de grains nosésifeh
La solution numeérique a été réalisée en prenanbasidération un schéma de haute précision dapate par
la technique de reconstruction WENO et en tempapagalerkin Discontinu local (DG). Le modeéle ess@te
validé sur une large gamme de données expérimsr{taleno-disperse sable, vase, non-cohésif bi-dispefrle
mélange non-cohésif/cohesif).

Mots-clés modélisation morphodynamique, sédiment cohésfjirsentation, consolidation, sédimentation
entravée, sédiment mixte sablo-vaseux.
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Introduction

Sediment in natural environments

Sediment beds in estuaries and tidal basins oftesist of both sand (non-cohesive)
and mud (cohesive). Cohesive and non-cohesive sedisnare different from each other in
two major properties: flocculation and consolidataf deposited material (with compaction
of sediments).

One of the most characteristic properties of caleesediment is to form flocs: when
individual fine sediment particles are transpoitethe water column, they undergo attractive
forces (Van der Waals, electrochemical force...). édinall cohesive sediment found in
marine environment is flocculated. Floc formatioffieets the settling velocity and bed
structure. Furthermore, the properties of flocdediStrongly from those of individual solid
particles. This is due to the large water contérhe flocs which tends to create a more open
structure with densities only slightly higher thiwe density of the fluid (Winterwerp & Van
Kesteren, 2004).

For concentrations larger than (1-10™.fflocs start to interact with each other during
settling (Winterwerp and Van Kesteren, 2004). Titeriaction of floc particles can reduce the
settling behaviour. This effect is called hinderssitling. When sedimentation continues,
more and more mud flocs accumulate on the bed. Water is driven out of flocs and out of
the interstitial space between flocs, and sedinstatts to be compacted. This process is
known as self-weight consolidation, which resutislarge deformation of the vertical bed
structure. During the hindered settling phase,sflae supported by the upward fluid flow,
while during the consolidation phase, flocs arepsued primarily by particle interactions.

In the water column, fine sediments are transpairiesuspension by the mean and
turbulent flow velocity. They follow therefore aaskical advection and dispersion scheme,
with an additional vertical advection velocity due particle settling, modulated by
flocculation and de-flocculation processes. In #@ddito their cohesive properties, fine
sediments are often distinguished by their primmande of transport, since they may remain
in suspension for long periods of time.

The need for morphodynamic modelling

Morphodynamic models are widely used in order to gasight into the medium- and
long-term morphodynamic changes of a river, estigaor coastal system.

However, morphodynamic modelling is challengingtsty, it is very difficult to
account for all the natural variability of sedimerand diversity of processes in numerical
models. This is particularly crucial for estuaraggplications characterised by the presence of
mixed cohesive and non-cohesive sediments.

One particular difficulty is that the physical pesses that drive morphological
changes occur on much shorter time-scales thamthrphological changes themselves. In
other words, the bed form evolution is mostly ateduring historical events (i.e. storm or
flood), where the hydrodynamic forcing data is waikable.

In reality, a morphodynamic model can never conghyetdescribe the complex
sediment transport processes of natural systemsrales on simplifying assumptions
regarding the hydrodynamic forcing terms as wethasnature of sediment, considered either



as purely cohesive or non-cohesive. In additioe, dccuracy of morphodynamic models
usually suffers from uncertainty in the definitiohinitial condition and of a numerous set of
hydrodynamic and sediment parameters.

Site of interest

The Gironde estuary is one of the largest estuami&rope, which is located south-
west of France. The watershed has a surface oDGlkf2. As one of the last European
examples of a more or less undisturbed large estilae scientific study of the Gironde
estuary is of particular importance and interest.

The Gironde macro-tidal estuary is characterisedtipng tidal forcing, complex geo-
morphology, high turbidity and heterogeneous sedtngigstribution (Allen, 1972, Castaing,
1981). This estuary has been studied for many yfeanrsumerous applications. In particular,
in the central part, drastic bed evolutions havenbeeported as a result of sand bank
formation and secondary mid-channel deposit desmtvity of dredging management for
the navigation channel and at the harbour of Barlésecond harbour in France).

Objectives

The research objectives of this thesis are, fitsgnhance our understanding of the
physical processes occurring in the cohesive sedibvex, and then, to develop a new process
based 2D (depth-averaged) large scale morphodynarode! for cohesive sediments. This
model will be applied to predict accurately the seght dynamics and medium term bed
evolution in the Gironde estuary.

Our framework is the Telemac hydro-informatic fenglement system (release 6.1),
where the two dimensional approach has been sdlesta good compromise between CPU
time and model accuracy.

Morphodynamic evolution is simulated by internaupling of TELEMAC-2D for
hydrodynamics and 2D morphodynamic model SISY Pdyw.opentelemac.org/illaret et
al., 2011).

TELEMAC-2D

TELEMAC-2D is a program for the solution of the twiimensional Saint-Venant
equations (Hervouet, 2007). The water depth and¢haity averaged on the vertical are the
main variables, but the transport of a passiveetras well as turbulence can be taken into
consideration.

All modules of the Telemac system are based orructsted grids and finite-element
or finite volume algorithms. The method of charastes, kinetic schemes and others can be
applied to calculate the convective terms in themmiotum equation. The use of implicit
schemes enables relaxation of the CFL limitationtiore steps (typically, values of CFL
number up to 10 or 50 are acceptable).

The treatment of uncovered beds and dry zoneslassically treated by limiting the
value of the water depth to a threshold. Howeves, inethod induces disadvantages related
to the conservation of mass and momentum. In TELEM#vo novel methods are proposed.
The first option treats the free surface gradienam uncovered area as the bottom gradient



and creates parasitic driving terms. The secondtisal consists of removing all elements
which are not entirely wet from the calculation.

From release 6.1, TELEMAC can be run in parallélisToptimisation allows users to
use simultaneously a cluster of computers, or steflof processors in the same computer, to
solve a single problem. The domain decompositioapglied. This means that a part of the
domain is assigned to each processor. The restiltseoother processors would help in
determining artificial boundary conditions arisifigm the partition.

SISYPHE

SISYPHE is a process-based model: sediment transges, decomposed into bed-
load and suspended load, are calculated as a dunofi the time-varying flow field and
sediment properties at each node of the triangrldr(Sisyphe release v6p1, Villaret, 2010).
The resulting bed evolution is determined by sajvihe Exner equation using either finite
elements or finite volumes techniques.

Different processes can be accounted for, incluthegeffect of combined waves and
currents, non equilibrium flow conditions, the pese of rigid beds, tidal flats, cohesive and
non-cohesive sediment properties.

SISYPHE can be either chained or internally cougledhe hydrodynamic models
(TELEMAC-2D, -3D) or to the wave propagation moEBOMAWAC). It can be applied to
diverse flow conditions including rivers, coastatlaestuarine environments. An optimization
of numerical schemes and use of parallel procesdlong us to calculate the medium to long-
term bed evolution of the order of decades, inrbasale models (10-100 km).

In previous attempts to model the bed evolutiony tim¢ non-cohesive behaviour was
considered (Chini & Villaret, 2007, Villaret et a2009, Huybrechts et al., 2012b). This is the
first time a 2DH morphodynamic model of cohesiveisent is built for the Gironde estuary.

The study focuses on the sedimentation-consolidgirocesses as well as erosion-
deposition processes. Flocculation which governsvéracal repartition of sediments in the
water column, is not considered in the present gpr@ach. This process can be taken into
account in a 3D model. However, the effect of fldation is accounted for in the settling
velocity which is an order of magnitude greatemtiiae individual particle settling velocity
and will be used as a calibration parameter. Trexebf sedimentation-consolidation is taken
into account by integrating existing 1DV Gibson-é@dsedimentation-consolidation models
in the 2DH sediment transport model. The erosigmedeion behaviour of the Gironde mud
is calibrated. A 2DH process-based cohesive seditremsport model is developed to predict
the medium-term bed evolution in the Gironde estuar

Moreover, with an attempt to account for the vahiglbof natural sediments, the study
also addresses the hindered settling of sand/mxtilires.

xi



Applied approaches
In sediment transport study, we traditionally digtiish four approaches:

1) In-situ study aims to collect sediment samples @ndharacterise external
forces and factors (hydrodynamic, temperature,spires pH, bio-chemical
factors...). This method also increases the undernstgrah the hydrologic
and sedimentologic behaviours of the studied Sit@s study provides
essential data for model initialisation, calibratend validation.

2) Laboratory studies, which characterize the sedirtransport and deposition
processes, allow us to study the rheologic behawbsediments. Empirical
formulae of settling velocity, erosion and depasitifluxes, sedimentation
and consolidation can be developed under well obnéxperimental
conditions. Those formulations cannot be appliedatavhole range of
sediment types and hydrodynamic forcing conditidmsg,are specific to the
selected bed material and depend on the experimesdaditions.
Furthermore, care should be taken when applyingettenpirical formulae
to simulate in-situ large scale conditions. Ind#e®mechanism observed in
laboratory under well control conditions in smaltak flume and
experimental devices may not be representativeh@fcomplex estuarine
processes.

3) Numerical models are widely used by engineers aabipnal tools to
simulate different scenarios and answer questiomghich experimental and
in situ studies cannot be applied. Indeed, the mgademodelling can be
applied to investigate quantitatively the relativepact of hydrodynamic
conditions on the sediment transport. However, lalooy studies are
required to determine model parameters (like settlielocity, rheological
characterization of the cohesive bed) and empitenas embedded in the
numerical model to determine the erosion/depositiotes.

4) Physical modelling can also be considered to inyat the problem with
different scenarios. However, compared to numenmwabelling, a major
disadvantage of this type of study is the constramtvarying problem
parameters that may not be easy to alter. Furthe;npbrysical models are
very costly.

Within this study, the first three approaches asefoined, in order to build a new
morphodynamic modelling tool which accounts for tebesive sediment behaviour.

Firstly, a sampling campaign is realised by Saiah&ht Laboratory focusing on the
central part of the Gironde estuary. Secondly, fatowy experiments are performed using bed
materials issued from the campaign. The experimemsprise a granulometry analysis, and
experiments performed in both settling column (aé tSaint Venant Laboratory for
Hydraulics) and recirculating flume experiments {fla@ RTWH laboratory, University of
Aachen).

Thirdly, the 2DH morphodynamic model for cohesiesdisent is built. The model
parameters of the sedimentation - consolidation taederosion — deposition processes are
calibrated based on laboratory experimental results

A hindered settling model is also developed botthaoretical and numerical aspects
and validated by comparison with several sets pearmental data.

Xii



Outline of the thesis

Chapter 1 presents a general description of thdysawea. It identifies available
hydrodynamic and sediment transport data, and &scos new experimental works which
were realised either by the Saint Venant LaboraforyHydraulics (Université Paris-Est,
France) or by the RWTH laboratory (University ofohan - Germany) using bed materials
issued from our new sampling campaign.

Chapter 2 gives the comparison and validation ob twew sedimentation-
consolidation models together with an existing sempirical model using our measured
settling column of the Gironde mud. The objectivehis chapter is to select the best model
that enables the proper simulation of the physseitling process in cohesive sediment
transport. These two models are then implementéaeimorphodynamic model SISYPHE.

In the two new models, the sedimentation - conatilith modelling are based on the
Gibson theory. Closure equations for bed permeglaihid effective stress are proposed based
on a new method of space-time analysis of the medsuoncentration profiles. More
importantly, the time dependence of the consoluheis introduced in the closure equation for
effective stress.

Chapter 3 presents the simulation of the erosiaeposition experiments using the
TELEMAC system: this modelling exercise allows ascalibrate the erosion and deposition
parameters of the Gironde mud in laboratory coodsi

Chapter 4 aims at developing a realistic morphodyoanodel which can be applied
to predict the bed evolution in the central parthe estuary. The initial condition of the bed
structure is studied attentively. This is the fintsine cohesive sediment is used in
morphodynamic modelling of the Gironde estuarysThodel together with the non-cohesive
model of Villaretet al (2012) can be considered as a starting poinséaliment mixtures
modelling of the Gironde estuary.

However, in order to extend our model to sedimenttures, we need to consider
specific process within sand-mud sediment mixturé3ne key process is the
segregation/trapping effect of sand inside mud ensipn. The layering of bed samples
issued from the measurement campaign has shovavithence of this segregation process.

In chapter 5, a 1DV model for the hindered settloigsand-mud mixtures will be
developed based on the background of non-coheshdisperse models (in particular,
Masliyah Lockett Bassoon model). The numerical smtuthas been constructed by
considering a high order of accuracy in space vi&eaghted Essentially Non Oscillatory
(WENO) reconstruction technique and in time viaeal space-time Discontinuous Galerkin
(DG) which considers no time splitting. The modethen validated against a large range of
experimental data (mono-disperse sand, mud, noesbah bi-disperse and non-cohesive-
cohesive mixture).

In conclusion, we draw the lines for future workdafor a fully mixed sediment
transport and morphodynamic model of the Girondeagg. The limitation of the present
model will be discussed in order to increase tlieiehcy of the model. Besides, the hindered
settling model is also expected to be generalisdabth sedimentation-consolidation process
of sand/mud mixtures. The integration of such a ehad the sediment transport model
SISYPHE could be a potential progress in mixedmeedt transport modelling.
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Chapter 1. Description of study site and experiraenwbrks

1.1 Introduction

Chapter 1 presents a general description of thdysdrea and identifies the available
hydrodynamic and sediment transport data. It fogwsenew experimental works which were
performed using mud samples collected in the cqratdrof the Gironde estuary.

Section 1.2 gives a description of both hydrololgazad morphological context of the
Gironde estuary. In this section, physical charsties of the estuary and major problems
encountered in morphological model developments karefly discussed. This allows to
justify the required assumptions that will be madehapter 4 for our numerical model.

Section 1.3 presents all available hydrodynamic sediment data of the Gironde
estuary, which will be used in chapter 4 for mozidibration and validation purposes.

A new field campaign was carried out in February 200he objective of this
sampling campaign was to collect sediment sampmeghie investigation of granulometry,
sedimentation-consolidation processes, erosiordapdsition processes.

Section 1.4 presents the field campaign assocwitédthe granulometry and sediment
core results. Section 1.5 gives the vertical cotraéion profiles obtained from a settling
column. This result will be used in chapter 2 tdibtate and compare three consolidation
models which will be integrated in the 2D deptlregrated (2DH) morphological model
SISYPHE. Section 1.6 presents the erosion and deposxperiments in the annular flume
and the settling test in Owen tubes. These expetsneill be simulated in chapter 3 in order
to illustrate that SISYPHE is able to representbarosion and deposition processes for the
Gironde mud.

1.2 The Gironde estuary

The Gironde is the largest estuary in France andt®vie Europe, where economical
and ecological issues intersect. The Gironde egtiias been the subject of various studies
such as hydrodynamics, geology, morphology and dmohemistry. The mixing between
freshwater and seawater induces here many phenomegdrological, sedimentary and
biological characters. An exhaustive descriptionboth geographical and environmental
context of the Gironde estuary is presented inRhB thesis of Allen (1972) and Castaing
(1981). Summarised descriptions can also be fooneéent numerical studies on this site
(eg. Cancino & Neves, 1999; Sottolichio, 1999; Barda, 2008; Phan, 2002; Sottolichio et
al., 2011).

1.2.1 Geographical context

The Gironde estuary, located southwest of Frangtends over 70 km from the
confluence of the Garonne and the Dordogne riveitstmouth in the Bay of Biscay on the
Atlantic coastline (Fig 1.1left). Its width varigeom 10.5 km at the mouth to 3 km at its
narrowest part at the confluence of the rivers (8@enbés) (Castaing, 1981).

1.2.2 Anthropological impacts

The estuary is considered to be rather naturalubdergoes many human activities.
The maritime traffic in the Gironde estuary haswgrasignificantly (1700 commercial vessels
per year, according to G.PM.B, 2002) due to theqmee of the harbour of Bordeaux, located
on the Garonne river, at KP 0 (i.e. KP signifiesoKietre Point: distance from Bordeaux in
km).

Dredging is necessary to maintain the water dapthe navigation channel, and in the
harbours of Bordeaux and Port Bloc (near Point dev& at the mouth). During the period of
1990-2000, the average annual dredging volume ats@pproximately 8x10° m® of which
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7.1x10° m® for the maintenance of the navigation channel ar8x10° m® for that of
Bordeaux port. This dredged material was then disgomainly on the right bank of the
navigation channel between KP 60 and KP 80, andespomes near Saint-Estéphe bank,
Trompeloup and Patiras islands. (G.P.M.B, 2002).
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bathymetry of the central area of the Gironde egt(raght).

In 1994, rocky dredged materials were disposed démtwthe islands of Patiras and
Trompeloup (see Fig. 1.1 on the right) creating eop® dike, submerged during high tides.
The objective of this construction was to incre#ise hydraulic power of the navigation
channel and reduce the volume (and therefore thg abdredging operations. However, this
construction has resulted in the formation of gdadeposit downstream of the dike and an
overall deposit in the secondary mid-channel doseash of the Patiras island. The main
drawback was to inhibit the dilution of the outflaf the nuclear power plant, located 5 km
downstream of the dike (see Fig. 1.1 on the left).

1.2.3 Morphological developments

Morphological characteristics along the estuary acg¢ constant. Allen (1972)
proposed a decomposition of the Gironde estuapyfmir compartments. The following are
the main characteristics of these areas, descnibddtail by Allen (1972), as seen in Fig 1.1
(left):

1. The Fluvial estuary This part extends upstream of the confluencehef tivo
rivers Garonne and Dordogne (KP 30) to the limitiddl intrusion, Pessac on the
Dordogne and Reéole on the Garonne rivers. These rfwers have the
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morphological features of meandering rivers: havandeep zone and bordered by
a concave (erosive) bank and a convex (meandesguynentation) bank. Another
characteristic of this part of estuary is that ¢hex a single channel, islands and
bifurcations are rare.

2. The Lower estuaryextends 40 km from KP 60 to the mouth of the esty&P
100). The morphology of this area is simple comgpaoeother compartments. Two
channels (the navigation channel and the Saintahgenel) are well separated.
The navigation channel runs along the left shor¢hefestuary in the upstream
part, before deviating to the right bank, approagtthe mouth (Fig 1.1 left). This
deviation of the navigation channel is accomparigd deepening of the depth
from 15 m to a depth of 30 to 35 m. The two seaiohthe navigation channel
merge near Royan (near the mouth, KP 95). One i@pbrpoint in the
morphology of this area is the high elevation ofiksof the estuary. On the right
bank, formed by cliffs, intertidal zones extend o&ewidth of 1 km and above 2
km on the left bank at KP 83.

3. The mouth,meanwhile, is subject to the interaction of waaed tidal currents. It
consists of two channels separated by the presehcihe central reef flat
Cordouan.

4. The central estuary(Fig 1.1 right)is characterised by a complex geometry.
Between KP 30 and KP 70, the bottom of the estusrgharacterised by a
complex network of channels defining longitudinainks sometimes constantly
immersed, thus giving rise to an island. Theretlaree main channels:

- The navigation channel (left bank)
- The median channel
- The channel of Saintonge (right bank)

The depth of the navigation channel is maintaingdditedging at an averaged
depth of =12 m IGN69 (IGN69: mean sea level of Eeardetermined by the tide
gauge at Marseille).

The Saintonge channel and the median channel haeweraged depth of -8 m
IGN69. Upstream of the Saintonge channel, theraeddierent longitudinal banks
and islands such as Nouvelle island, Bouchard bamkownstream of KP 60,
after the Patiras bank, the Saintonge channel widenoccupy the median
channel.

The median channel extends from KP 49 to KP 60s Iseparated from the
navigation channel by the Trompeloup bank and thmt&Estephe bank, while
both the Patiras and Saint Louis banks separ&tanitthe Saintonge channel.

1.2.4 Hydrodynamic context
1.2.4.1 Propagation of tide

The Gironde estuary is classified as macro-tidghen-synchronous and with an
asymmetric tide (4 h for flood versus 8 h 25 fobkeb

According to Le Floch (1961), estuaries of hypemetyonous type are characterised
by an increase in tidal range and velocity of tidairents from downstream to upstream.
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Apparently, for a spring tide (coefficiént10), the tidal range is 5 m at the mouth (Poifete
Grave), reaches 5.5 m at Pauillac (48 km from tbetiy) and almost 6 m at Bordeaux (95 km
from the mouth) (Fig. 1.2).

During mean tide and neap tide, the tidal rangeeases regularly from Verdon to 130
km upstream of the mouth where it reaches 4.7 nm@dn tide) and 4 m (at neap tide)
(G.P.M.B, 2002). In the Dordogne, in contrast, tilal range decreases slowly until Libourne
and then rapidly after Libourne at the confluenetnveen Isle and the Dordogne.
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FIGURE 1.2 — Propagation of tidal wave in the Gironde estwarg deformation of tidal
shapes (from Allen, 1972)

Moreover, while propagating upstream, tidal wave®me and become asymmetric.
This asymmetry results in a longer duration ofifiglitide than rising tide. For example, in
Fig. 1.2, the tide at the mouth (Pointe de Grasesymmetric and further upstream it becomes
asymmetric, in particular at Bordeaux. As a consega, during the propagation upstream,
flood duration decreases while ebb duration in@ea$herefore flood currents are stronger
and shorter than ebb currents.

In the estuary, according to Manen et al., (18I&yveque (1936) and Glangeaud
(1938) which were cited in Castaing (1981), thaltiiimit is normally located at 120 km
upstream of the mouth (Pointe de Grave). Duringwater, this limit can extend to 160 km.

! Tidal coefficient is a term which is common usedriance. It expresses the difference in heighwéen the
consecutive high tides and low tides in any giveraaThe highest possible tidal coefficient is 1Tige average
tidal coefficient is 70.
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The tidal prism is defined as the volume of oceatewcoming into an estuary on a
flood tide plus the volume of river discharge mixiwgth that ocean water. This volume
varies according to the coefficients of tide, riflesvs, and decreases upstream. According to
Bonnefille et al. (1971), the sea water volume emgeBordeaux is only 5:2.0’ m® at spring
tide. At the mouth, for an average discharge, ¥oisime is between>20° m® at spring tide
and 1.k10° m® at neap tide.

1.2.4.2 Tidal current

In the lower estuary (from KP 60 to the mouth K®)L@he mean velocity is higher at
ebb tide than at neap and spring tides. Simildhg, velocities are larger in the channel of
Saintonge than in the other two channels, thisrtiqularly noticeable at spring tides. This is
accompanied by a dominance of fresh water in thet@&e channel, while sea water tends
to be dominated in the left channel. According tstaing (1981), during spring tides, the
mean velocity can reach 1.25 fh.sear the surface, whereas during neap tides,ei$ dot
exceed 1 m:§ At the bottom, in the former case, it can readt5n.§", while in the latter
case it never exceeds 0.5 th.s

1.2.4.3 Residual circulation
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FIGURE 1.3 — Residual circulation at the lowest water-leved anean tide (upper) and
during flood and mean tide (lower) in the Girongéuary (from Allen, 1972)

The residual currents are produced by horizontaketibn linked to the vertical
gradients of density. Those stratification effaetduce the vertical mixing of freshwater with
salt water. The residual velocities are affectedthmy fluvial discharge, as well as by the
topography of the estuary.
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During lowest low water-level and mean tides, tb&dual circulation near the surface
is directed downstream (Fig. 1.3 upper), while rnéar bottom it is directed upstream from
KP 54 until the salt intrusion limit. The highestlagties are located in the navigation
channel for the upstream part of the estuary aridarSaintonge channel for the downstream
part.In the Gironde estuary, the residual velocity aeech 10, 15 cni’sto 50 cm.& near the
bottom and more than 40 crii.en the surface (Allen, 1972).

In period of heavy flow and during mean tides, fioave dominant downstream both
on the surface and near the bottom, except inltharels where the velocities at the bottom
always orient upstream.

1.2.5 Fluvial hydrology

Flows in the estuary are also influenced by rivescldarges. The sum of river
discharges of the two main tributaries of the Gil®iiGaronne and Dordogne) can vary from
200 nt.s* during low water, to 5000 #rs* during flood. The total annual average discharge is
of the order of 1100 fs’ in which 65 % from the Garonne and 35 % from tterddgne
(Sottolichio, 1999). The monthly mean values vaonf 1.451 m.s* in January to 235 frs*
in August (Allen, 1972).

1.2.6 Granulometry

In the Gironde estuary, the composition of suspendaterial has been investigated
by many authors. Here the granulometry resultsoofadneau & Latouche (1981) will be
brieftly presented, which distinguishes between flmw and flood periods.

During low flow periods

Samples were collected on 23 and 24 October 1978velve stations along the
estuary between KP 44 and KP 90 (two days covengetriad of neap tides, and flow of the
Garonne, at that time, was about 59). The results showed that:

» The fraction smaller than 16 pm is from 90 to 99 %.
* The fraction smaller than 2 um (clay) is betweemA@ 65 %
During flood periods

Samples were taken between KP 31 and KP 80 on @62@nMarch 1979. Other
samples were also taken at Pointe de Grave 8n 28KP 25 on 20 , and at KP 20 on 31
of the same month. Samples ori"2thd 2% March were realised after the passage of a big
flood on 16" and 17" March (1950 and 1800%s™ for the Garonne). The sampling campaign
on March 28 took place during spring tides and the flow of tAaronne was about 600
m>.s'. The sample analysis showed that there are tvas anewhich particle size is small. The
first extends upstream of KP 20 and the second dtmeaim from Saint Estéphe (KP 55). The
central area between these two zones are chassctdyy larger grain sizes.

It is concluded that the muddy facies are predontimathe Gironde estuary. Out of
flood periods, it covers ¥ of the estuarine beds Biplains the importance of the suspended
transport in the Gironde estuary.

1.2.7 Suspended sediment dynamics

The Gironde estuary is characterised by its highbidity: the suspended
concentration, mainly composed of clays and siltsflafial origin, can exceed 1 ¢l
(Castaing, 1981).
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Nagy (1993) estimated that the average annual digehaf suspended sediments
entering the estuary from the rivers is about 208t@nnes (from Phan, 2002). According to
Allen (1971), this value varies from 1.5 to 3%16nnes.

DOWNSTREAM UPSTREAM
Bordeaux PK
120 100 80 60 40 20 0 -20

0,5%.

o ‘:/ AL o~ ; 158,
>
/ Low flow

7 WY

ry
¥ Mean flow

0.5 Gz

Flood

Turbidity (g/1)

—————— Iso-line of 0.5 %o

FIGURE 1.4 - Position of turbidity maximum as a function affial discharge, based on the
measurements between 1975 and 1976, during a ideaftlen, 1972)

According to measurements in 1975 and 1976, CastaB®)l) presented the position
of turbidity maximum (TM) in the Gironde estuarycacding to three typical situations of
fluvial flow rate (Fig. 1.4). For low flow rateshe turbidity maximum is from KP 10 to KP
60, about 70 km long, the centre is at KP 10, betwordeaux and Le Bec d’Ambes. During
mean flow rates, the turbidity maximum extends figfh 20 to KP 60, about 40 km long, the
centre is situated at KP 40. During flood, the igith maximum appears in two positions, the
first is located near the mouth from KP 80 to KFO1@0 km long), and the second is
identified at KP 30.

Castaing (1981) acknowledged that the existenceirbidity maximum dynamic in
the Gironde estuary is due to the effects of t&dgimmetry. In Benadoua (2008), according to
Fisher (1972), in partially stratified estuariedjigh is the case of the Gironde estuary, the
convective currents due to salinity gradients agligible against those generated by the tide.
Some authors refute the idea that only the dewsitylation is the origin of the formation of
TM, and offers a complementary approach. It is daastder that the TM is caused by the
asymmetry of the upstream tide. This results inrgjrcurrents during flood than ebb tide
causing an important erosion and transport of swdgx solids upstream. This sediment
transport stops at the nodal point of the tide,clwhrepresents the dynamic limit of the tide,
and beyond which fluvial current is directed doweain.

Migniot (1968) estimated the mass of turbidity nmaxim between 2.5xf@onnes and
4x10@ tonnes of fine sediments during spring tides. doeau & Latouche (1981) gave a
more accurate estimate from the turbidity measunérnmewater column and in fluid mud:
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between 1.7x10tonnes and 2.3x£a@onnes for the turbidity maximum and between 2@x1
tonnes to 3x10tonnes for fluid mud. These estimates were madagimeap and mean tides,
and during a period when the TM was in the middl#he estuary at mean flow rate.

The occurrence of fluid mud generally coincideshvitie presence of TM. The fluid
mud undergoes a cycle of erosion and depositiataelto tidal coefficient. Indeed, during
low tides, current velocity decreases, the fluiddnaccumulates gradually and reaches its
maximum extension at neap tide. Conversely, duhigi tides, the tidal current velocity
increases, the fluid mud is eroded and re-suspeindise TM at spring tide. According to the
measurements by echo-sounder between 1983 and @o&8.P.M.B, Sottolichio (1999)
showed that the fluid mud can exist in the upstregeart for tidal coefficients greater than
100. The fluid mud is never observed downstreanBafdeaux for the same coefficients.
However, for tidal coefficients below 100, the @umud is increased downstream of the
estuary. The fluid mud is situated in between KBOrdeaux) and KP 50 (Pauillac) for low
river flows (< 1000 mis?) and between KP 45 and KP 80 for high flow ratek0Q0 mi.s%)
during flood (Fig. 1.5) (Allen, 1972).
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1.3 Available data on the Gironde estuary

1.3.1 Hydrodynamic data
Tide and water level

Water levels are measured every 5 minutes by G.Pa?®Bgauging stations: Verdon,
Richard, Lamena, Pauillac, Fort Medoc, Ambes, MergBassens and Bordeaux. The
measured water levels at 9 tide gauge stationsaaagable for the year 1999. In between
2000 and 2007, water levels at only two stationslge and Pauillac are available.
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Since 2005, measurements of tide level are provieMArel Gironde ESTuaire —
The network of automated observation for monitosvager quality (Magestyww.magest.u-
bordeaux1.fy for the two stations Pauillac and Bordeaux. I020he measurements at Port
Bloc (which is located at the same location as Veydare operated by Service
Hydrographique et Océanographique de la Marine (@H®ww.shom.f). The location of
these three stations (Verdon, Pauillac, Bordeatexjraarked as green colour in Fig. 1.1.

Velocity measurement
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FIGURE 1.6 - Location of three velocity measurement pointsampaign 2006 (source:
IXSurvey)

Recently, two field measurements were conductedti®y Laboratoire National
d’Hydraulique et d’Environnement (LNHE) in August@®(3 points) and in autumn 2009 (7
points).

In August 2006, velocity measurements, over a peoio22 days from 03/08/2006 to
24/08/2006, were performed using ADCP current ped] at three points to investigate the
spatial distribution of flow. These sensors wer&pt on the bottom of the three channels in
the central part of the Gironde (Fig. 1.6).
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FIGURE 1.7 — Velocity measurements at Point 1 in 2006 (Bine:lvelocity amplitude in
cm.s', Red line: Tidal coefficient; Brown points: Curretitection in °, source: IXSurvey)

From measurements, the results (point 1 in Fig. fbr7point 2 and point 3, refer to
IXSurvey, 2006) show that:

Point 1 (Median channel) presents the smallestciteds. It can reach 160
cm.s’on the surface and 80 cri.at the bottom during high tidal coefficients.
Maximum velocities are observed during periodsatifrfg tide.

Point 2 (Navigation channel): presents higher vékx than point 1. The
maximum velocity is 180 cni’sat 1m from the bottom and 260 cfh.at the
surface.
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» Point 3 (Saintonge channel): provides velocitiesatgr than those of point 1,
but lower than point 2. Maximum velocities are aolsd during rising tide
periods. The average velocity is small (less thawarh.sh).
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FIGURE 1.8 - Location of 7 measurement points during thegaign of 2009 (left) and the
measuring principle (source: IXSurveywww.ixsurvey.com

The measurement points of the 2009 campaign anersho Fig. 1.8. Among seven
measurement points by ADCP, two velocity profiléPoint 2 & point 6) have been lost
during the campaign. Points 3 and 5 were locatedecto the water intake of the nuclear
power plant, which is likely to introduce local ibance to the flow. Points 1, 6 and 7 are
located in areas where recent bathymetry is natadle, and cannot be updated. Therefore,
within this study, only the velocity measuremeritp@int 4 are used to calibrate and validate
the hydrodynamic model.

Water levels are also available from ADCP measungspdut are not correct. Indeed,
the measured water level at Point 1 in campaign 2088 compared to water gauge
measurements at Port Bloc (these two points asedim each other) and is illustrated in Fig.
1.9. An offset of 25 cm is observed between thesweasl water level of IX-Survey and of
tide gauge. According to Huybrechts et al. (20h@) abserved difference can come from the
wrong position of the device, or bathymetry chandess also possible that the ADCP
technique induces some measurement errors. IntleedDCP was moored on the bed and
can only measure the center part of the water aoldiwo blanking areas are observed (Fig.
1.8 right): one near the bottom and the other etstirface. This is where the measurement is
not valid, due to the lost of signal (IX-Survey)heérefore, within this study, the measured
water level of IX-Survey will not be used to calbe the hydrodynamic model.
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1.3.2 Bathymetric evolution
1.3.2.1 Bathymetry data

In general, the Gironde estuary can be divided iimiar areas corresponding to
different sources of bathymetry data:

* Marine area

* Estuarine part
» Garonne river
* Dordogne river

The complete bathymetry is therefore a patchwofkdata provided by various
sources, from different periods and using diffetechniques (multi-oeam and single-beam).
Single beam echo-sounders use one emitting orviegeiransducer, which releases a series
of energy pulses in the form of sound waves to allsanea underneath the boat. The time lag
between the sound being emitted and its returniigp @s used to calculate water depth
beneath the boat. Multi-beam (Swathe) can tranamitoad acoustic pulse from a specially
designed transducer across the full swathe acaagsthen forming a receive beam (source:
www.wikipedia.org. As technology has improved, multi-beam can nowdpce higher
frequency suitable for higher resolution mapping.

First, bathymetric surveys of the Gironde estuagrenconducted by the Grand Port
Maritime de Bordeaux (G.P.M.B) between 1981 andbaAi¥ing a single beam echo-sounder.

For the estuarine part, records prior to 2002 vaégéised from SHOM maps (scale
1:50000) provided by G.P.M.B. Recent bathymetriaad 2002 and 2005 (scale 1:10000) of
the central part of the Gironde estuary are pralide G.P.M.B. 2005 data from G.P.M.B
(single beam) were integrated and complemented égsarements carried out by Division
Technique Générale (DTG) of Electricité de Frari€eK) using the denser multi-beam in the
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area close to the nuclear power plant and thelokkeeen the Patiras and Trompeloup islands
(see Fig. 1.1).

For the maritime part and in both the Dordogne &agdonne rivers, the bathymetric
data were provided respectively by SHOM and by mieection Départementale de
'Equipement (DDE www.reunion.developpement-durable.gouy.frhese data are available
until 1995. The bathymetry for the maritime par2609 and the data of the Garonne river of
2002 are also available. However, these two datanet be used in the bathymetry
compilation to avoid a bathymetry consisted of salvparts measured on different period of
time.

Bed evolutions between 1981 and 1994 are marketidyprogressive erosion of the
Trompeloup bank, as well as the relative stabitifythe navigation channel (Villaret &
Walther, 2008).

To quantify the recent developments after the canson of the dike, we use in this
study bathymetric measurements from 1995 to 200&. 1995 bathymetry is chosen as a
reference bathymetry. For model comparison andalization, the bathymetry is only
updated in the estuarine part (from KP 30 to KR, @@jle in the maritime and river parts, the
bathymetry is considered constant as in 1995.

1.3.2.2 Bathymetry compilation

The bathymetric data exists in forms of papers tfieryear 1995) and digitalised map
(for the rest). From the raw bathymetric data, @cess is systematically applied for 3 years:
1995, 2000, 2005 to interpolate the bathymetryhengeometry input file.

The preliminary step is only applied to the 199&adset. Since the 1995 estuarine part
bathymetry is only available in form of papers (fqapers), all the maps are digitalised
manually in order to convert the data to the diggal form.

Second, the data of the maritime part and the twers are compiled with the
estuarine part. The bathymetry data along the idikéso integrated in the bathymetry.

Third, levels are converted from zero-maritime ®&NB9 taking into account the shift
variation along the estuary.

This integrated data is then interpolated basedhengrid. In order to accurately
interpolate near the islands, the interpolatiomas$ activated if the distance between two
bathymetry data points greater than 150 m.

After interpolation stage, since the TELEMAC — 2&rsion 6.1 enables the treatment
of tidal flat and dry zones, it is then not necegda raise the border elevation to a fixed
higher value of 2 m. This value was selected basethe tide characteristics of the Gironde
estuary in order to ensure that this area is newiéered from inundation.

The compilation result is the bathymetry of thed@ute estuary extending from Portet
(on the Garonne) and Libourne (on the DordogndiRat-20 until about 20 km outside the
maritime area from the mouth of the estuary, aglesl in Fig. 1.10.
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Bathymetry
(mIGNG9)

2 km

FIGURE 1.10- 1995 bathymetry of the Gironde estuary

1.3.2.3 Bathymetric evolution

This section presents the evolution of bathymetynf1995 until 2005 concentrated
on the central part of the estuary - our area efradt.

Figure 1.11 shows the measured bathymetries betd@@h and 2005 in the central
part of the Gironde estuary. On these maps, tlsedines are plotted (-1 m IGN69, -2 m
IGN69, -5 m IGN69). Figure 1.12 shows the bathymeifferences produced between 2000
and 1995 and between 2005 and 2000. The —2 m I@&d¥6&ontour is also presented on these
maps.

It is observed from figures 1.11 and 1.12:
* The development of the Patiras bank downstream
* The erosion of the Trompeloup and Saint Louis banks

* The progressive deposition in the median channel
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St Louis bank
a) b)
St Estéphe
bank
332000
Patiras bank
330000
Trompeloup
bank
Patiras island
336000
©) 336000 d)
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334000 .
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332000
332000 .
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328000
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FIGURE 1.11 - Measured bathymetry in the central part of tiv@Gtle estuary
a) 1995; b) 2000; c) 2002; d) 2005 + Iso-linesm,5 2 m, -1 m IGN69

The deposition of the Patiras bank started in 1&®&r the construction of the dike
between the Trompeloup and Patiras islands. InEifRa, it can be observed through a 1 m
deposition layer downstream of Patiras island. pbsition of the -2m iso-contour also
moved downstream between 1995-2000. According fai@hVillaret (2007), the deposition
rate of the Patiras bank was at a speed of 360mdyeeng this period.

A widening of the Patiras bank is also observedparticular to the left side of the
bank. The deposition rate along the bank is apprately 22 cm/ year. In the next period,
between 2005 and 2000, we observe a more stabdiseeglopment. Average deposition rate
is less than 2 cm/year (Chini & Villaret, 2007).

It is observed that the downstream part of the aredihannel (next to the Saint
Estéphe bank) has filled up between 1995 and 26@f (.12a), with a rate of about 20
cm/year. Between 2000 and 2005, deposits are widadpthroughout the channel. These
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deposits are mainly observed downstream of theraBathank. This area is in constant
accretion: the maximum deposit in this area isvested around 30 cm/year.

The erosion of the Trompeloup bank, downstream hef Trompeloup island, is
remarkable between 1995 and 2000, and continuegebnrt2000 and 2005. In the former
period, the bank erosion rate is about 0.6 m /.yEais can be explained by the construction
of the submerged dike between the Trompeloup atidaRaslands in 1995. The erosion has
then slowed down during the second period. Betvi2@&® and 2005, the erosion is estimated
at 0.15 m / year (Chini & Villaret, 2007). The Salestephe bank extends upstream of the
island.

| 10952000 | | 2000-2005 |

_ . )
336000 336000 " *
-

Evolution (m)
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‘ 3 1.5t02
\d 1to 15

5 05to1
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- v'
' 1328000 /W
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Below -2
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356000 358000 {360000 % M362000ﬁ 356000 358000

FIGURE 1.12 - Bathymetry differences between 1995 and 2000b&taeen 2000 and 2005.
Iso-contours represent — 2 m IGN69 in 1995 (bluép02(red), 2005 (black).

The bank of St. Louis has also moved upstream. $hi was accompanied by a
narrowing of the bank, and a pivoting of the axighee bank, in particular between 2000-
2005. This is observable in Fig. 1.12b through gbsition of the -2 m iso-contour in 2000
(red) and in 2005 (black).

In order to quantify the bed evolutions of the calnarea, the dredging activities in the
study site cannot be ignored, which can be fourdktails in previous section 1.2.2.

334000

1334000

1332000

1330000

Trompeloup
island
328000

Patiras island

\ )
3§0000 | §|362000. 364000

This information on bathymetric evolution and dredgactivities will be exploited
later in Chapter 4 for both calibration and validatof morphodynamic model.

1.3.3 Granolumetry

The bed composition is highly variable in spacevgl or sand at the mouth of the
estuary, mud in the tributaries and sand/mud mextur the central part. Bed material
information is qualitative in the maritime area: praof sand, mud or gravel areas, but
quantitative in the central part. At the moutte thedian diameter ranges within 0.25 and
0.38 mm (G.P.M.B, 2002). In March 2006, bed samplese collected by EDF R&D
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downstream of the Patiras island. The locationhef theasuring points can be observed in
Fig. 1.13.

BATHYMETRY
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FIGURE 1.13- Location of sediment sampling points in the Nt&2006 campaign

TABLE 1.2 - Granulometry analysis of sampled sediments irMbaech 2006 campaign

Upstream of Saint Estéphe bank 89.6% 10.3% 116
Upstream of Patiras bank 88.0% 11.9% 116
Upstream of median channel 77.4% 22.5% 185
Downstream of Saint Louis bank 58.1% 41.6% 331
Downstream of Patiras bank 25.2% 74.8% 240
Point E 4.2% 95.8% 271
Upstream of Trompeloup bank 0.1% 99.9% 390
Mean value 55% 45% 210

Table 1.2 summarizes the results of observation. diggnction between cohesive
sediment (mud) and non-cohesive (sand) is revealde grain diameter. The mean diameter
of the sand fraction in the area of interest i40.8im

18



Chapter 1. Description of study site and experirakwbrks

The composition of the bed in the median channesists mainly of a mixture of sand
and mud. On the Patiras bank and upstream of tble dike, sediments are coarse. The
intrusion limit of marine sediments in the estusnat KP 70 (Jouanneau & Latouche, 1981).
Above this limit, cohesive or non-cohesive sedimetwme from river flows. Analysis of
these samples reveals that 55 % of the bed mater@hesive and 45 % is non-cohesive,
with mean diametersd= 0.21 mm.

1*100°0
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N ’n Sy
I =

Légende
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B Cailloutis ) sables fins |00
] Graviers [C) Sables fins & Vases

[ Graviers & Sables [l Vases
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FIGURE 1.14 - Measurement of the granular distribution atrtteitime area, yellow
signifies sand, green signifies mud, red is roigitlyellow is fine sand, blue is sandy mud
(source: SHOM)

At the mouth of the estuary and in rivers, inforimiaton the particle size is mainly
available in qualitative form (fig. 1.14): map afas of sand, sandy-mud or muddy bottoms
(Allen 1971). Measurements given by the G.P.M.BO@Oindicate that in 1999, the mean
diameter between Bordeaux and Verdon is about 120tum. At the mouth, the mean
diameter (gb) is between 250 and 380 um. A qualitative sedinserd distribution map at the
mouth of the Gironde estuary is provided by SHOBe(Fig. 1.14). As shown on Fig. 1.14,
the estuary is dominated by mud (blue colour) d@&drouth is dominated by sand (yellow
colour). In the southern part of the mouth, thedsarfiner than the northern part (light yellow
colour).

1.3.4 Depth-averaged suspended concentration

The time variation of the suspended load is meadsawery 10 min at four stations
along the estuarywwvw.magest.u-bordeaux1)frThree stations are located in the tributaries
whereas one is located in the estuary itself atlRawstation. The turbidity is measured in
NTU. In order to change the unit from NTU to nig.we use here the correlation in the 2005
activity report of Maneux et al. (2006) , which wesroposed for two measuring campaigns
in February 2005 (blue) and July 2005 (pink). Sioce data was sampled in March (2006
campaign) and in February (campaign 2009, presentadxt section 1.4), the correlation in
February 2005 is selected.
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MES( g ™) =0.0012% Turbidity (NTU) July2005
MES( gI™") =0.0010% Turbidity (NTU) February2005

These correlations are applied for turbidity |ésmnt1000 NTU.
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FIGURE 1.15- Relation between MES in mg/l and turbidity in NTéburce: Maneux et al.,
2006)

1.4 New field campaign
1.4.1 Field measurement

The sediment samples were collected in the ceptdlof the Gironde estuary from
25 to 28 February 2009 by a group of researchaistechnicians from LHSV, Cetmef and
LNHE. Results were analysed by Boucher (2009a, b).

The study area extends from the island of Patirasn(Pauillac station upstream) to
downstream the Saint — Estephe bank, covers ano&maout 15 kilometres at the centre of
the Gironde estuary. The location of 39 samplinigisds presented in figure 1.17.

1.4.2 Sampling methods
Samples were collected by two main methods (Fip)1.

e Grab sediment sampling is the method the most Udselgrab has dimensions of
about 20 cm x 30 cm. The open sampler is loweredddloor, where it penetrates
the sediment-water interface, and then the jawschreed. The device is then
raised to the surface with the sediment sample.

Because of strong currents (about 10 m/s) andfaignt depth (up to 12m) at
certain points, the grab is sometimes ineffectités reversed when reaching the
bed, or the stress exerted by the current on thet m@vents the unlocking of the
jaws.

* Cone: A metal cone of 30 cm in diameter and 60amg s towed behind the boat,
letting it drift with the current. Thus, samplestaibed by this method are more
surfacial and less punctual than the samples dadtany the grab. This method is
particularly effective when the bed is shallow.
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@ o b)

(©) (d)

FIGURE 1.16 -Sampling campaign: a) Cone; b) Sampled sedimertte cone; c) Grab; d)
Sediment core sampling

1.4.3 Granulometry
The machine used for granulometry analysis is gaaneter LASER Cilas 1180.

Principle
The measuring range lies between Qudand 2.5 mm.

A small amount of sample is dispersed in a bowhwitmixer and an ultrasonic bath.
Its content is drawn then passes through a qualtby two crossing laser beams. The photo
detectors are placed behind the cell that recdrelgiffraction pattern (Theory of Mie) of an
incident laser beam: the finer the particles dne, more diffracted the ray is. To cover the
entire range of measurement, two lasers are usedirst ray is perpendicular to the quartz
cell, the second laser is at an angle of 45° viighfirst one. Hence, when the light of the first
ray is diffracted outside the area of sensors,sé@nd laser will be used. And there are
always diffracted radiations on the detectors.

Because the quartz cell is 2.5 mm thick, it is eBakto ensure that no particles could
clog the cell, by sieving or filtering.
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FIGURE 1.17 - Location map (left) and sediment size distribat{right) in the central part
of Gironde (square for pure mud, circle for puredsdriangle for sand-mud mixture)

Results

The results include the mean diameter, which is dfseafter averaging over the
samples (Boucher, 2009a). Qualitatively, three syplesamples are encountered: those with a
tight particle size, those with spread particle @nd bi-dispersed samples.

From the mean diameter and granulometry distribuytiee consider three types of bed
material:

- Pure mud: d < 6Am
- Pure sand : 68m<d <2 mm
- Bi-disperse

This information is plotted on the sampling ma@a®lour code (Fig 1.17).

It appears that the sand is located in the two rola@mnels, on both sides of the Patiras
island, where currents are stronger (Navigatiomonbhand Saintonge channel). Upstream
and downstream of Patiras as well as on the Pddaak (the St. Louis bank seems to consist
partly of sand), sediments are rather muddy. Tinelysenud materials have meanwhile been

taken in the pass between the Patiras and Trompédtands, on the west of the island and
the bank of Patiras

1.4.4 Sediment core sampling

During the field campaign, three sediment coresevsampled downstream the Patiras
island (Fig 1.18, left). We used a plexiglass t@g@dem diameter, 1m long) which is pushed
into the sediment deposit at the location pointelthe tube containing the material was
raised up to the free surface (fig 1.18, right) as@nds were covered by a foam and a cap.
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e —E . U
FIGURE 1.18 Location of sediment core sampling points (Ié#2B sediment core (right).

The sediment cores were carefully transported & Shint Venant Laboratory for
Hydraulics (LHSV) for analysis. First, the plastithes were cut by electric saw, then the
sediment cores were cut in the longitudinal diecty metallic wire. The two resulting half-
cylinders were then visually inspected (Figure L.F9om these first observations, the core
P1 is pure mud whilst cores P2 and P2B presentidlers of sand (targeted by red arrows).

Bottom L=70cm Surface

P1

P2

P2B

FIGURE 1.19- Visual inspection of sediment cores

We use the three cores to determine concentrafitreaohesive bed in the field. We
remove 2 cm thick layer at three points (top, maddlottom) in each core and determine the
sediment concentration after drying the materiahmnoven at 110°C during 24 hours. This
method provides sediment concentration equal to #5800, 765 + 50, 796 + 20 gll,
respectively. However, since the analysis is peréat only after several months of stacking,
it may lead to a noticeable increase of sedimenteotration.

The second half-cylinder is also used during theystThe half-core is cut into slices
of thickness 10 cm and each one is submitted & @nulometry. As an example, Table 1.3
presents the results of core P1 which correspandsure cohesive bed. From the results, the
core P1 should be considered as homogeneous dlengitical direction. The sediment from
core P1 will be used later in the settling columperiment (section 1.5).
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TABLE 1.3 - Granulometry analysis for core P1

d10 (um)] d50 (um)| d90 (um)| d10 (um)| d50 (um)f d90 (um)|d50/d10 d90/d50
0-10em P1l-1-a 2.5 12.06 40.53| 2.57 12.65 41.54 4.92 3.28
P1-1-b 2.64 13.24 42.55
10-20cm P1-2-a 2.58 12.08 38.11| 2.58 12.03 38.04 4.66 3.16
P1-2-b 2.58 11.98 37.97
P1-3-a 2.75 14.49 46.14| 2.76 14.57 46.26 5.29 3.17
20-30cm
P1-3-b 2.76 14.65 46.37
30-40cm P1-4-a 2.82 15.59 49.14| 2.86 15.57 49.05 5.44 3.15
P1-4-b 2.9 15.54 48.95
40-50c¢m P1-5-a 2.37 10.86 32.85| 2.37 10.89 33.09 4.60 3.04
P1-5-b 2.36 10.92 33.33
50-60cm P1-6-a 2.46 12.23 39.37
P1-6-b 241 12.1 39.15| 2.44 12.17 39.26 5.00 3.23
60-70cm P1-7-a 2.72 14.46 46.21
P1-7-b 2.8 14.63 47.32| 2.76 14.55 46.77 5.27 3.22

The sand fraction which is present in cores P2 Ba& is analysed. The laser
granulometer gives a mean diameter equal to 280 pum.

These results are qualitative since the method tsedmple bed sediments is very
intrusive: the material is certainly disturbed dgrithe sampling. Moreover, despite all the
care we paid for the preservation and transpostaiples, the top material has been evolved.
The vibration during the transport and the mainteeatime or condition before testing the
material could modify its property in a non-nedbigi way.

Nevertheless, the segregation of sand-mud is gledéderved for cores P2 and P2B.
This is an important phenomenon which is inveséigah more details in Chapter 5 of this
study.

1.5 Settling column experiment
1.5.1 Experimental device

(S) (D)
ate
SR 9

MES Detector

Radioisotope
P CaF2/ Nal(Tl)

(radiation yet X)

FIGURE 1.20 - Principle of settling column experiment

Within this study, a settling column instrumentegl ¥-ray techniques is used to
obtain vertical concentration profiles at differ¢imbes. This technique is selected since it has
many advantages compared to existing techniqueshagn in Table 1.4 below.
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TABLE 1.4 - Advantages and disadvantages of existing techeitpueneasure concentration
profiles in a settling column

Measuring technique Advantages Disadvantages
Optical Non-intrusive (not disturb th€annot applied for turbid zones
material)
Acoustic Intrusive (direct contact with
material)

Low resolution, depending on
the number of sensors

Shear vane tester Simple, cheap Very instrusive

Structure of sample is destroyed

Magnetic Resonangéligh resolution Small samples only
Imaging (MRI) Costly
yRay Non-intrusive, high resolution |Dangerous (radio source, high

Effective, cheap energy, cannot stop the source)

X-Ray Non-intrusive, high resolution |More secure (radio generator,
low energy)

Effective asyRay, cheap

The measurement principle is described in figug® =nd explained in Been and Sills
(1981). An X-ray beam emerging from the sourceig@ttenuated by the suspension (water +
sediment). The intensity of the beam which is ragoabed or deviated by the suspension is
measured by the detector (D). Here we use an Xyeagrator and a Nal detector.

To improve the spatial resolution of the devicellimators are used behind the
generator and before the detector. The first olwavalto obtain a homogeneous beam at the
entrance of the suspension recipient. The lasth@sean opening of 50mm x 5mm to select
rays in a well-defined solid angle.

The source (S) and the detector (D) are alignedattadhed. The displacement of the
S-D system relatively to the sample allows to obtdifferent measurement points along the
vertical axis, i.e. vertical profile of the X-ragém attenuation.

The apparatus comes from the Commissariat a I'Emérpmique (CEA, Saclay) and
was tuned during this study (Fig. 1.21). The teghaiand its acquisition-piloting software
are improved to enable automatic measurements (TiBalgoints) every 3 minutes.

In our experimental set-up (Fig. 1.21), a step m¢i) is used to rotate an endless
screw (h). The whole experimental process (cordrad data acquisition) is driven by a
computer. The software, developed in Labview© emvinent, enables the switch on/off of
the generator for its lifetime, the acquisitionwartical profile at different times. Thus the
experimental system is totally autonomous and requbperator only at the beginning and
end of the test.
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FIGURE 1.21- X-ray settling column device (CEA/DRT/LIST, $ay) : a) supply of the X-
Ray generator ; b) X-Ray generator ; c) collimgfmm slot) ; d) photon detector ; e)
computer controlled unit ; f) acquisition data urgf) step motor ; h) endless screw.

The transmitted intensity follows a classical exgratral decay law (Klug &Alexander,
1954) :

| =l,expl-a),-a,(H,)] (1.1)

wherely is the intensity of the incident beam, and as are the linear absorption coefficients
of the particles and fluid respectivelyis the thickness of the suspension recipient (Isetiee
diameter of the cylindrical column) ahygis the total equivalent thickness of particles seas
by the X-ray beam.

Then the X-ray intensity transmitted through thengke when filled up with clear
fluid is:

I, =1 exp[-al] (1.2)
And the transmission factor is defined as:
T=1/1, =l exy ~(a, -a,)l | (1.3)

The system is calibrated by first filling the ceith pure fluid then with homogeneous
mixture of fluid and particles at various concetitias (Fig. 1.22a).

By measuring the transmitted intensifg,t), the transmission factor is obtained with
the corresponding solid fraction (Fig. 1.22b).
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Calibration curve for Gironde's mud
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FIGURE 1.22 - Calibration curve of the system : a) 7 samplepared at different
concentrations¢g= 0.019, 0.03, 0.035, 0.04, 0.05, 0.061, 0.07pJransmission factor-
concentration relationship whege=C/ g,.

1.5.2 Settling test results

Based on the obtained relationship between tramssomisfactor and sediment
concentration shown on Fig. 1.22b, the sedimente&oimation is easily obtained since the
transmission factor is determined through calibratin this study we perform two tests for
two different initial concentrations (test 1: lowitial concentration, test 2: high initial
concentration). However, only test 1 is succesgfatided and analysed. During test 2, the
opening of the collimator is reduced from 5 to 2 mmnorder to improve the spatial resolution
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of the measurement. This, however, decreases theenof detected photons and gives a bad
signal to noise ratio.

a) b)

Test 1: Gironde mud Test 1: Gironde mud
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FIGURE 1.23- Temporal evolution of concentration profilestioé Gironde mud

Test 1 concerns a sample of H = 20.7 cm heightgpegpat solid volume fractiogof
2.96 % (i.e. C = 77 g/l). One vertical concentratpofile (70 points, regularly spaced) is
obtained every 3 minutes at the early stage. Aetiteof Test 1 (whose duration is 68h), the
profiles are obtained every 1h. Figure 1.23 prestrdg temporal evolution of density profiles
at short and long terms. One remark is that inregli21a, the shape of the density profiles
near the bottom are concave (upwards), while iarégl.21b, one can observe the profiles
becoming concave (downwards). This is a very ingmrtpoint to distinguish the
sedimentation and the consolidation processes @dhdendiscussed in details in chapter 2.

1.6 Settling test in Owen tubes

== initial Concentration = 5g/1

—&— initial Concentration = 6,6g/1

weight percentage (%]
, 8 8 8

0 20 40 60 80 100
time [min]

FIGURE 1.24 - Owen tubes results : tubes (left), weight percentagaining in the tube
(right)

The settling velocity of the Gironde mud is meaduby Rheinisch Westfélische
Techniche Hochschule (RWTH, Aachen, Germany) ushwen tubes (Owen, 1976). The
tubes (120 cm high, 25 mm inner diameter) havewtetotube of 8 mm (inner diameter) at
the lower end (Fig. 1.24). For the present expemiide Owen tubes are filled up to 100 cm
with fresh water and sediments (5 g/l and 6.6 &lmixing procedure (upside down mix) is
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first applied to obtain a homogeneous suspensibanTthe tube is immediately placed in a
rack and fixed in vertical position. The mattendeg the tube at the outlet tube is sampled
over the time andthen the weight percentages renggin the tube is determined (Fig. 1.24).

The investigated sediment in this experiment andatireular flume experiment was
dredged from the Gironde estuary and was delivéngcEDF by cooled transport. The
material has a homogeneous composition and isecty (Eisenbeis & Roger, 2011).

The test on suspension prepared at 6.6 g/l shodei@ase with time and is used to
calibrate the settling velocity (which is presentedhapter 3). The last value of the 5.5 g/l
measurement is considered as measurement ernfdireethis result will not be used.

1.7 Annular flume experiments

1.7.1 Description of the annular flume

0 7200 14400 21600 28800 36000 43200 50400 57600 64800

time [s]

FIGURE 1.25 -Annular flume (RWTH, Aachen, Germany).

The annular flume (Fig. 1.25) of RWTH is used tofgpen measurements on
erosion/deposition processes on the Gironde mudpleam(July, 2010). It consists of a
circular channel (mean diameter of 3.0 m), sidelsm@urved 8 mm glass segments) and a
circular top lid. This latter is used to adjust thater depth by setting its position and to drive
the flow (Couette type).

This type of flume offers a recirculating flow thiat well-suited for investigation of
cohesive sediment transport as no pumps or inflotfttav conditions disturb the flocculation
process (Schweirat al, 2001). A calibration procedure is done previgusl set the ratio of
rotational speeds of flume and lid in order to ebtptimal flow conditions, i.e. to minimise
secondary flows.

1.7.2 Erosion & deposition experiments

The cohesive bed (4 cm high) is prepared at 30®@/kg of moist mud is mixed with
water (salinity 7.5 %o as estimates in real estuang pumped into the flume. The water level
is kept at 35 cm level and the sediment is let dosolidate until it reaches the desired
concentration of 300 gl/l.

The experiment consists in reproducing schemitica tidal cycle with an
increasing (erosion) and a decreasing phase (depysas illustrated by figure 1.2Bottom
right). The increasing (or decreasing) phase iBseshin 8 steps (1 hour) of constant bottom
shear stress from 0.1 to 0.8 N/mz2 (or 0.8 to 0rha\/

During the experiment, concentrations are meastmgda Differential Turbidity
Measurement Sensor (DTMS) which uses the tranginiiet as a measure of turbidity and
by sampling the suspension. The depth-averagedentnation is then calculated after the
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calibration between measured concentrations by DaNEby sampling method. The bottom
shear stress has been measured previously duringalifeation procedure from Laser
Doppler Velocimetry (LDV) in clear water. Here wsesame that the sediment transported in
suspension does not affect the erosion and deposést results.
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FIGURE 1.26 - Concentration signal during the erosion test (lef)) deposition test (right).

Figure 1.26 (left) presents the results with stgpwincrease of bottom shear stress.
Concentration measurements by sampling (noted otradi®n in figure 1.26) and turbidity
measurements (noted continuous concentration) angp&red on Fig 1.26. Two erosion
processes which are commonly observed for cohdsdeare recovered. For bottom shear
stress lower than 0.3Pa< 10800 s), floc erosion (or surface erosion) isesred. From 0.4
to 0.6 Pa the erosion rate is relatively low untdss erosion starts at a bottom shear stress of
0.7 Pa{> 21600 s). Afterwards, the depth-averaged conagoiris constant at 33.8 g/l. This
phenomenon may due to the fact that there is naireng sediment to be eroded.

Figure 1.26 (right) presents the concentration sigh&ing the deposition test
(stepwise decreasing stage) which is almost condtaimg the first steps. A slight reduction
of concentration is observed for bottom shear stmmaller than 0.3 Pa and an important
decrease from 33.8 g/l to approximate 25 g/I fduea smaller than 0.2 Pa.

This data set will be used in Chapter 3 for modaidation and determination of
erosion — deposition parameters.

1.8 Conclusions

This chapter presents an exhaustive compilatioavailable data of the study site.
These data are patchworks of results provided tigrdint research teams, produced during
different periods and in different conditions.

Here we focus our interest in the central partheféstuary, which is characterized by
a complex geometry, sediment heterogeneity andgtngdrodynamic forcing.

In order to have a better description of the stsitly and to be able to calibrate and
validate our morphodynamic model, we performed dditeonal sampling campaign in the
central part. New experiments were performed inolgidgranulometry analysis, and the
settling column experiments. In addition, erosiod deposition experiments were performed
at University of Aachen annular flume. These expernital results will be used to validate our
numerical work. The granulometry analysis gives augeneral view on the sediment
distribution in the estuary. This information issestial in the model construction step,
stresses the needs of a model of mixing zonesraf aad mud. The sediment core results
confirm our hypothesis on the segregation of sand mud-sand mixture in chapter 5. The
settling and the erosion — deposition are two npdiysical processes in sediment transport.
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Using our experimental results, the ability of thediment transport model in modelling
physical sediment transport processes will be shiawhapters 2 and 3.

In conclusion, this chapter contains all the infatibn to characterise the site: the
hydrodynamic, morphological changes, bathymetrgimsent types and nature, properties
which can be considered as a first brick to comstour study.
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Chapter 2. 1DV modelling of sedimentation and cbdation of cohesive sediment

2.1 Introduction

Consolidation is an important phenomenon which setd be accounted for in
cohesive sediment transport models: indeed, thealrishear stress for erosion is strongly
dependent on the strength and density of the caehesidiment bed, which vary as a function
of time under the effect of self-weight consolidati

Two types of consolidation are usually conside@tmary and secondary (Mehta et
al., 1989). The primary consolidation begins whangelf-weight of the sediment exceeds the
seepage force induced by the upward flow of poréewlrom the underlying sediment.
During this stage, the self-weight of the partidapels the pore water and forces the particles
closer together. This process ends when the sedépageis completely dissipated. Secondary
consolidation causes large deformations of the Ivdxkgins during the primary stage (several
hours) and may last for several weeks or months.

In previous cohesive sediment transport models i Gironde estuary (eg.
Sottolichio, 1999 and Li et al., 1995), this im@t process has been ignored. In this chapter,
two new consolidation models will be integratedthe sediment transport model Sisyphe
(User manual - Villaret, 2010). These two consdiaa models together with an existing
semi-empirical multi-layer model will be validatddy comparison with the new settling
column experiment of the Gironde mud, presentedChapter 1 (cf. §1.5). The best
consolidation model will be selected for the momgyr@amic application presented in Chapter
4,

Sedimentation is the process of particles settlmga suspension (Kynch, 1952).
Historically, sedimentation and consolidation asedi to be treated separately. Recently,
sedimentation has often been treated as the cdasioh of very loose soils, and then a
unified theory has been proposed by Toorman (18®&ccount for both consolidation and
sedimentation based on the Gibson theory for langens consolidation (Gibson et al., 1967).
The Gibson equation allows to calculate the timeswng bed concentration for both primary
and secondary consolidation stages. However, libdoces two additional parameters: the
effective stress and bed permeability, which varithwbed density. Two additional
constitutive equations are therefore needed teesbig equation.

Numerous studies have reported the problem assdarth the closure of the Gibson
equation (Bartholomeeusen et al., 2002; Toorman9,199. A method which is based on a
least square fit analysis of the position of theewaediment interface was proposed by
Thiebot et al. (2011). This is rather empirical aadh lead to inaccurate description of both
closure parameters and therefore needs to be irgra¥e propose here a new procedure
which is based on space-time analysis of the medswoncentration profiles. More
importantly, the time dependence of the consoliheis introduced in the closure equation for
effective stress. This new method leads to an ateutetermination of both permeabitily and
effective stress parameters.

The structure of this chapter is as follows: inteec?2.2, we start with a review of
existing theoretical models, including the Gibsbadry and the unified theory proposed by
Toorman (1996). The new closure method for bed pahility and effective stress
parameters is presented in section 2.3. Sectiopragkents a review on existing consolidation
algorithms. And finally in section 2.5, the threensolidation models, implemented in the
morphodynamic model Sisyphe, are presented inldetand a comparison between these
models is given.
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More details on the numerical implementation andphodynamic model itself can
be found in the user manual for Sisyphe, devotedht cohesive sediment transport
development (cf. Villaret and Van, 2012).

2.2 Sedimentation-consolidation theory

Non cohesive Cohesive
W Terminal velocity regime
Terminal velocity regime
Qo (] o Flocculation regime

o ° g
o 2 s
Hindered settling regime Qo & g
(<]
of sand @ ) & Hindered settling regim =

of mud flocs

c

(o]

No consolidation Consolidation regime g

of sand O

FIGURE 2.1 - Diagram of different processes involved in ta#lsg transport (left: non-
cohesive, right : cohesive)

Sedimentation and consolidation are two differemicpsses. Each of them has been
originally studied separately using different agmim, the sedimentation by Chemical
Engineers (eg. Kynch, 1952) and the consolidatipiClvil Engineers (eg. Terzaghi, 1923).
In this part, we first follow the classical way pfesenting them separately and then present
the unified theory given by Toorman (1996) basedhenGibson theory (1967) (Fig. 2.1).

2.2.1 Sedimentation

Sedimentation is the process of particles setthng suspension (Kynch, 1952). In the
sedimentation theory of non-cohesive particles,pduicle settling velocity is obtained from
the terminal settling velocity of a single sphekigarticle in an infinite liquid medium and the
hindrance function which takes into account therbglgnamic interaction between patrticles.

In the case of cohesive sediments, the settlinggstes of cohesive sediments differ
strongly from non-cohesive sediments. Due to theasial force which comes from the
physico-chemistry properties, the primary parti¢tasn flocs.

At the dilute limit of suspensiorC(< 0.01g/l), the effect of particle interactionsdze
neglected and the settling velocity of flocs is édqaahe terminal velocity (Thorn, 1981)

As the concentration of the suspension increasesflbc properties (size, density)
vary and the settling velocity increases. In a giv@nge of concentrations which varies with
salinity, pH, physico-chemistry of water and mineralogy of ve particles, the settling
velocity increases with concentration: this coroesgs to thdlocculation regiméns ~ k;C" in
Thorn (1981) diagram, whete is an empirical constant equal to approximate000.(\Ws in
m/s) depending on the type of sediment, mamlequal to approximately 1(Fig. 2.2).

2 In fluid mechanics, an object is moving at itsiaral velocity if its speed is constant to the raising force
exterted by the fluid through which it is moving.
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FIGURE 2.2 - Relation between the settling velocity and tbeaentration in MES of
cohesive sediment from Severn estuary, UK (addpoed Thorn, 1981)

A transition occurs for larger concentratios X 1 - 10 g/l): the settling velocity of
the suspension decreases with concentrations ldhger a transition value. This regime
corresponds to thhindered regimeor which Ws ~(1-kC)? (Fig. 2.2), wherek, and 3 are
determined constants equal to around 0.01 andogcasely (eg. Thorn, 1981).

2.2.1.1 Flocculation process

Flocculation is a process in which particles ofycdad organic matter stick together,
through chemical interactions, to form larger floEtocculation influences the transport of
the fine-grained sediment, and enhances its settiteg

According to Kranenburg (1994), the differential éxcess) densitpo; of mud flocs
Is given by:

3-n¢
Apf = pf _pw :(pp _pw){D_p:| (21)
f

Where, o, pw are the densities of the primary particles, modd] and wate,
D, are the diameters of the flocs and primary padiaespectively.

Measurement of the fractal dimension of flocs ohesive sediment in the water
column reveal typical values within estuarine aodstal areas ranging from= 1.7 -2.2,
with an average valug= 2.0 (Winterwerp & van Kesteren, 2004).

Therefore, the relation between the solid concéntraC (kg/nt) and the volumetric
concentration of flocg reads:

3-n¢
P,~P,|C _C|D
g =| 2| === _f (2.2)
pf_pw 105 Ios Dp

36



Chapter 2. 1DV modelling of sedimentation and cbdation of cohesive sediment

2.2.1.2 Effect of flocculation on settling velocity

The Stokes velocity for single spherical grainifgglin a quiescent liquid is commonly
used for non-cohesive sediment having particulagnBld$ number lower than one. Based
on the equilibrium between the drag (friction) ®scand volume (buoyancy) forces, Stokes
(1880) established the theoretical settling vejocit

2
v, = (o.-p,)aD
187

wherepsis the density of sand particlegis thedynamic viscosity of the fluid.

(2.3)

Stokes law is subject to some limitation:
. Spherical particles
. The particle Reynolds number based on settlingcitgiand particle
diameter does not exceed one.
. Laminar flow
. Particles do not hinder with each other

The settling velocity formula of Stokes was themeexled to natural sediment grains
including mud flocs and non-spherical sand graargdr than 100 um by considering the
shape factor, the particle Reynolds correctionstaadractal dimension. Based on the fractal
theory, Winterwerp (2002) proposed:

Wsoz( a (pp_pw)g DsanL (2.4)

188  u P |1+ 0.15RE%

wherea, [ are the shape factoRg the particle Reynolds number. It is worth notihgt the
Stokes velocity formula is recovered for small Raegs particlesps = 3 (.e. D, = Dy) and
spherical grainsd=/).

2.2.1.3 Hindered settling

For non-cohesive and well-sorted particles, Rickandand Zaki (1954) proposed an
empirical formula to express the settling velodtylecrease when concentration increases.
Their empirical formula reads (Di Felice, 1999):

W, = Wy, (l - ¢S) 2

_ 25
A7 _g 175R4™ (25)
Ng, —2.35

However, this popular expression of Richardson Aaki has an important drawback:
to obtain a zero settling velocity, the volume fraic 2 should equal 1 which is an impossible
value for a granular suspension. Indeed, for voldraetion larger than the random close
packing valug g..xwhich is typically of order 0.54-0.65, a granul&eketon is formed and
the settling velocity turns to zero because ofj#imeming transition of the granular flow. For
this reason, some authors (for instance, CamendPh&n van Bang, 2011) proposed to
replace the terng by @/ @ax This correction therefore increases the valuergfin order to
obtain the same settling velocity (becayg@mn.x> @).For cohesive sediments, the hindered

2 A dimensionless number that gives a measure afatiie of inertia forces to viscous forces and eapently
quantifies the relative importance of these twaetypf forces for given flow conditions.

¥ An empirical parameter used to characterise thérmam volume fraction of solids obtained when tlaeg
packed randomly.
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settling regime occurs similarly. In the previoustp@dig. 2.2), thek, coefficient plays a
similar role as I¢nax and S is similar tongz. However the value af/k; is usually very low
compared tagnax and S is very large in regards trz These differences could be explained
by the different mechanisms which are responsibtettie hindering effects (Winterwerp &
Van Kesteren, 2004).

Nevertheless, the generic function of Richardsah Zaki was used by Kynch (1952)
to propose his kinematics theory of sedimentatiymch (1952) showed that the knowledge
of settling flux function of solid particle$ is sufficient to determine the sedimentation
processi.e. the solutiong= ¢z,9), wherez is the vertical axis for a given initial concerimoa
@, and that the solution can be constructed by thethod of characteristics. The
mathematical problem is:

a—¢+M:O O<z<L,t>0 (2.6)
ot 0z
0 forz=1L
With initial conditiong(z,0) =q¢, for O<z<L
@ forz=0

And boundary conditiond (¢0,t)) =0 for @ < Oor ¢= @,

Such a problem is similar to a double Riemann pwblat the lower and upper
boundaries. Kynch applied the method of charadiesisvhich construct the tangents of iso-
concentration in the space-time plots in which shepe of tangents corresponding to the
propagation speed of the wave at a fixed conceotratThe relation between the
mathematical properties of sedimentation flux, i@hiconcentration and kinematics wave
properties is further analysed in Burger & Tory@2n

Figure 2.3 presents an illustration of a simpleidsdlux, i.e. presenting only one
inflection point. Depending on the position of timitial concentration ¢p) relative to the
inflection point @), three different wave patterns are produced. dutbors remarked seven
different wave patterns in the case of solid fluggenting two inflection points (see Burger &
Tory, 2000). This observation gives rise to new gwdf sedimentation as qualitative
solutions of the batch sedimentation problem tlaak fot been considered in previous studies.

4 A Riemann problem consists of a conservation tayether with piecewise constant data having asing|
discontinuity.
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FIGURE 2.3 - Three modes of sedimentation identified by Ky(t952). From left to right,
the flux curve with only one inflection poinkj, the space-time diagram showing
characteristics (red) and shock (blue) lines, amdoncentration profiles (for tsand ).
Time and flux curves are scaled to obtain the sslojge between chords in the flux curves
and shocks (blue lines in both figures), and betwest derivative of the flux curves and
characteristics (red lines in both figures), redrdmm Burger & Tory (2000).

The Kynch’s model is only applicable to non-Brownisuspensioh i.e. Brownian
diffusion process is neglected or Peclet nufhtsevery large.

2.2.2 Gelling concentration

When volumetric concentration of flocs becomes ywnitocs form a space-filling
network. This condition is known as gelling.

The gelling concentratiorCfe or geiis an important property. It marks the transition
between the sedimentation phase where particlde sedividually, but interactively through
hindered settling/flocculation process and the obdation phase where particles start to
come in contact with each other and settle coltettiunder its own weight.

Applying the flocculation theory, Winterwerp (200&)oposed a relation betwe€yge
and the floc siz®:x:

®> Brownian motion is the presumably random movingantticles suspended in a fluid.
® Peclet number is a dimensionless number definatidyate of advection of a physical quantity by flow to

the rate of diffusion of the same quantity drivgran appropriate gradient. The large Peclet numddfers to
situations where variables in flow tend to becomee-way”.
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Cgel = pp |:_pj| (27)

In this formula, the floc sizBxs is difficult to measure, and can vary dependindhan
material and the salinitypH, physico-chemistry of water.
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FIGURE 2.4 - Determination of the gelling concentration fromedtling curve (in Dankers,
2006)

Estimation of the gelling concentration is diffitldut fundamental. According to
Dankers (2006), there are two methods to detertm@eyel point. The first method is based
on the mass balance of settling profile and frontaye concentrations above and below the
lower interface (Fig. 2.4). The gelling concentatis then given by:

C = Ch-Go,

gel 5 (2 . 8)
1

whereCy is the initial concentratiorh is the initial heightC is the concentration in the area
from the upper interface to the shock or lowerriiaiee, J; is the height from the top interface
to the lower interface at tintg, & is the height from the lower interface to the bwottof the
column at timet; andCgg is the concentration between tHé dterface and the bottom.

The calculated gelling concentration by this metlvadd be higher than the actual
value because the concentration of the suspensiayero, is affected by consolidation.

The second mentioned method consists in measudngeatration profiles using a
conductivity meter.

In our study, from the evolution of density pro$ijedifferences in the shape of the
density profiles at short and long terms are rendekeéDuring short term, the profiles near
the bottom are concave (upwards), while in the ltargh one, the profiles become convex
(downwards) (Fig. 1.23, section 1.5). This is ayvenportant point to distinguish the
sedimentation and the consolidation regimes. ThHienpmenon was also observed by
Dankers (2006).At the early stage of settling, petfiles are typically concave, indicating the
presence of advection (permeability effects), whileconsolidation stage, the convex shape
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bed profiles are observed (diffusion effects). et point is then considered as the limit
between advection and diffusion, and therefore banestimated from the evolution of

concentration profiles, as explained in more detail section 2.3. Compared to the second
method, this method gives less accurate value lopgat. However, since the conductivity

meter is not available in our laboratory, this noetlis then employed.

2.2.3 Self weight consolidation

After sedimentation, the sediment bed becomes Bolidhichdeformation is described
by soil mechanics, in particular by the so-calledory of consolidation of Terzaghi (1923).
This theory establishes a relationship betweerdéfiermation and the effective stress or solid
stress. The initial theory of Terzaghi only considemall straihand was extended by Gibson
et al. (1967) to large strain.

2.2.3.1 Small strain consolidation theory

Assuming the voids of the soil are completely ssed, the water and solid
constituents as incompressible, the validity ofdar law, and the constant permeability of
the soil, Terzaghi (1923) derived a theory of cdidation for small deformations i.e. which
is only applicable to the “primary stage” of seléight consolidation, which reads in Eulerian
(space-time) co-ordinates:

20 oo
ot & 07>

where z is the vertical coordinate, directed upward is the effective stress, the
consolidation coefficient, is defined as:

_k@+e)ds _ kK

C, = = (2.10)
p,9 Ode mp,9
in which m, = —1%06—0 is the coefficient of compressibility is the void ratiok is the
e de

hydraulic permeability (m3

The consolidation coefficient, is assumed constant in the small strain theory of
consolidation so that an analytical solution isilae for the diffusion equation of pore
water pressure. This theory is only valid for thignary stage of consolidation (which causes
initial undrained elastic deformation of the subss well as soil consolidation related to
settlement and expulsion of excess of pore fromsthieunder an applied load) and neglects
the secondary stage (structural resistance) whiclaused by creep under the effective stress,
viscous behaviour of the soil. This secondary phagelated to time effects like ageing or
viscous effects.

2.2.3.2 Large strain consolidation theory

A more general equation was proposed by Gibstoal. (1967, 1981) to extend the
previous theory of consolidation to large straifibe permeability is no longer assumed
constant and advection is no longer neglected. @xiisnsion is important for ultra-soft soils
undergoing self-weight compaction after being fodnigy deposition. Gibsoet al. (1967)
considered a two-phase approach by consideringneotyt and motion equations for both
fluid and solid phase. The Gibson equation in Bateframework reads:

’ Strain is a normalised measure of deformationesgting the displacement between particles ibdlky
relative to a reference length.
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%Jr(“e) -p, )0 K +(1+e)2££ k aa'j:o (2.11)
ot ,oW az (1+e?2 9o, 021+ el z
or
dp_0 k oo
kK(s-D)p+—— =0 2.12
ot GZH (s-D¢ Y azjw} (2.12)

where @ stands for the sediment volume concentration =#j(1s the density ratio
between sediment and fluid #&#a.), kv the unit weight of fluid (kg.rm.s?), (=gow. g being
the acceleration of gravity).

Numerical solution of this non-linear equation iicult because of the moving upper
interface (boundary condition). Therefore, it isrooon practice to rewrite (2.11) in a moving
reference frame, the so-called material or Lagracmgmdinate system. A vertical material
coordinate( is introduced that represents the volume of solids.

dz'

[Tz 0 (2.13)

{z9=]

With the assumption that and o' are functions ofe only, the classical Gibson
eqguation in material co-ordinates is obtained:

de,(p-pu d( kj@ ok w#ae_, (2.1
ot o, Jdel1+e)a¢ o7\ @, A+ o dedl '

The equation of Gibson has been widely used inouarinumerical consolidation
models (Been and Sills, 1981; Bartholomeeusteal, 2002; Sanchez, 1992; Toorman, 1996;
Thiebot, 2008; Pham Van bang et al., 2008 for m=® as well as compared with the
experimental results.

2.2.4 Unified theory of sedimentation and self-welg consolidation

The Gibson theory has been intensively studiednduthe MAST European project.
As pointed by Toorman (1996), the two terms in ke in eq. 2.12 have physical
interpretations in terms of hindered settling (fitsrm) and consolidation (second term). On
the one hand, Kynch theory (1952) is obtained & #econd (or effective stress) term is
neglected. On the other hand, Terzaghi theory (L1983obtained when the first (or
convective) term is withdrawn and the elasticitytho# soil is assumed. Therefore the equation
of Gibson will be solved in this study for the pkedn of sedimentation and consolidation
since it is considered as the general one.

However, the Gibson equation needs two closuret@msa(one for the permeability,
the other for the effective stress) to obtain thmeet evolution of vertical concentration
profiles. These closure equations (material fumsjoare, however, difficult to obtain as
reported by Toorman (1999) and Bartholomeeuseh €@02).

In 2002, Bartholomeeusen et al. set up a serieson$olidation experiments using
mud taken from the Scheldt River. The series ofeerpents consisted of two sub-sets. The
measured interface level and vertical density pesfof four experiments were provided to
establish the material functions. Next, the initahdition of the fifth experiment using the
same mud was provided, and the consolidation psoeess predicted, using the material
functions derived from the calibration tests. Theasured interface level and density profiles
were revealed only after the modelling exercisee presented results of this fifth experiment
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showed large differences between predictions arsgrghtions, in particular at the earlier
stages of the consolidation process.

One of the reasons behind the unfavourable perfoceas the large sensitivity of
both permeability and effective stress to the vi@to associated with the inaccuracy in
measuring techniques: small variations in matefiaictions yield large differences in
consolidation behaviour. Another important remarkhef authors is an observed significant
time-dependent phenomenon of the effective stnebsch is not yet incorporated in any
existing consolidation model.

The following section reviews the existing semi-émepl closure equations of
permeability and effective stress.

2.2.5 Typical functions of closure equations for gpeneability and effective stress

Up to now, the closure equations for permeabilityl &ffective stress have been
derived by correlating experimental data with tbéofving typical material functions (EQ.
2.15 & 2.16).

2.2.5.1 Closure equation for permeabikty

Bartholomeeuseret al. (2002) introduced typical functions, in the foroh either
power or exponential, to relate the permeabkKityith the void ratice:

k=A€"
k=A@ " (2.15)
k=exp(-A+Aeg)
The value of these coefficients;,AA, depends on grain size distribution, organic
content, biological activity and pore size distribat

2.2.5.2 Closure equation for effective stress

The similar way can be opted in the determinatibrot(e), (o'(C),o'(¢)), which
gives:

e=-Bo"™®+B
o'=By (2.16)
e=B(0"+ B)™

o'=exp@, + B;e)
According to Winterwerp & van Kesteren (2004), ttaidity range of the power-type

functions (egk = A€*,0'=B¢g*) is much larger than that of the exponential-titpetions.

Moreover, there is a physical insight in the foratidn of the power-type functions.
Therefore, it is recommended to use power-type tfons. However, two different power
functions for permeability may be necessary to espnt the two separate processes:
sedimentation and consolidation.

2.2.5.3 Closure equations for sand-mud mixtures

At present, the accurate prediction of the constilich behaviour of cohesive
sediment is not possible due to the lack of gootstitutive equations describing the effective
stress and the permeability. Indeed, the diffiegltarise in both the formulation and the
parameters determination procedure. The right gesun of the effective stress cannot be

43



Chapter 2. 1DV modelling of sedimentation and cbdation of cohesive sediment

limited to functions of concentrations alone (Elded Sills, 1984), but also depends on time
or history effects (Toorman, 1999).

For sediment mixtures, there is an additional probhssociated with the interaction
between different sediment fractions during thélisgtprocess. Toorman (1992) argued that
subdividing the sediment into many different fran8, according to the size distribution, is
not necessary, but using two fractions (one repteseoarse non-cohesive fraction, and the
other fine cohesive one) is sufficient. In orderaccount for the mutual hindrance, the
constitutive equations can be modified by workinghwhe volume fractions relative to the
estimated remaining space that is not occupiedéypther fraction.

Furthermore, the proper determination of the cleseguations for permeability and
effective stress for each fraction when the otlnaction is present is not easy. For instance,
once trapped, sand particles could move at the satibng rate as the surrounding clay
particles, unless their movement is hindered byutiaerlying sand particles that are touching
each other.

From the settling and consolidation tests carrietd @mu mud and sand mixtures,
although there is no consolidation model which wascessfully conducted, Torft al
(1996) gave some remarks on the future modelliradesyy:

1) Experiments showed that segregation occurs faaimiud densities below
the gel point. For many types of estuarine mudttiaissition takes place at a
solid fraction g of about 0.03 - 0.07 corresponding to an excessiteof
about 50 -110 kg/fhor a sediment concentration of 80-180 g/I, depemdi
on the type of sediment and the physico-chemistrihe water (Toorman
and Berlamont, 1993).

2) An increasing amount of non-cohesive sediment énntiixture increases the
apparent gel point density.

3) An increasing amount and supply rate of non-cohesagiment increases
the segregation process.

4) Segregation limits the increase of the settlinge rand final mean
concentration. The final thickness of a mixed sehtnlayer reaches a
minimum and further increase in the sand contemtsdwot decrease this
thickness anymore.

In our study, the hindered settling of sand-mudtor is formulated based on the
existing bi-disperse Masliyah—Lockett—Bassoon moledckett & Bassoon, 1979) and
validated against the measurement. This will begmted in details in Chapter 5.

2.3 Analytical solutions for closure equations

If the self-weight consolidation is finely describby the so-called theory of Gibson
(Gibson et al.,, 1967; Toorman, 1996), a huge amainstudies reported the problem
associated with its closures and the poor prediaapacity (Bartholomeeusen et al., 2002;
Toorman, 1999). This can be improved if an accudatermination procedure of parameters
is defined. Thus, this section proposes a new pioeawhich is based on space-time analysis
of concentration profiles instead of classical tesguare fit on water/sediment interface
(Thiebot et al., 2011).

To obtain such an analytical expression of conegintn profiles, we use self similar
asymptotical method to separate the sedimentagigime from the self-weight consolidation
regime.
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2.3.1 Self similar solution for sedimentation regira

Hereafter, we follow the method of Kynch (1952)eTion-linear advection problem
of the sedimentation (Eg. 2.6) is solved by comsmgethe theory of kinematics waves
(Dankers & Winterwerp, 2007; Camenen & Pham Vandg&911). If the concentration of
the suspension is lower than a given threshold gthealled gelling pointge for cohesive
sediment or the random packing concentraggr for non-cohesive one), the inter-particle
contacts are negligible, i.e. there is no solid €ffective) stress. In such a situation, the
Gibson equation is simply reduced to the equatidfyach:

dg_0 _
5 aZ[V(ga)¢} 0 (2.17)
whereV(g is the settling velocity of the suspension at emi@tiongthat is equal to
k(s-l in Eq. 2.12.

Considering the similarity variablé=z/t and solutionX, i.e. ¢zt)=X(¢), equation
(2.17) leads to:

df  \dX _

wheref is the solid (or sedimentation) flux, which is elwa-V (¢ @.

The method of resolution is equivalent to the déedamethod of characteristics
(Leveque, 2002). The iso-concentration patternemissdifferent straight lines in the space-
time (t) plot. As confirmed by Kynch (1952) and Burger al. (2000), shock waves,
rarefaction or compound shock waves are supposeddor depending on the position of
initial concentrationg relatively to the inflection poirft (Fig. 2.3).

2.3.1.1 Closure equation for permeabiktgf Merckelbach and Kranenburg

As an illustration, we report the analytical resuttf Merckelbach and Kranenburg
(2003) on sedimentation. In their model, the pelbiliéa closure was given as a power law
equation which reads:

f(@)=V(9 g=k(s-1) §" (2.19)
wheren =2/(3+x) , typical values ofy = 1.7 to 2.2.

Replacing the closure equation (2.19) in the noadr hyperbolic equation (2.17)
leads to:

99 _\(s-12- @2 =0 (2.20)
ot 0z
Following the method of characteristics, they cdaestd iso-concentration linese.
lines in the space-time plot such@& ,t)is constant.
dz_
dt
Integration of (2.21) leads to:

k(s-1)(2- n)(@)™" (2.21)

1

o= (i}l with a=k(s-1)(2- n) (2.22)
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This analytical solution is dependent on #feratio, i.e. the similarity variablef. Iso-
concentration pattern can be illustrated by strdigbks in thez-t plot.

2.3.1.2 Proposed closure equation for permeathility

We propose here a modified Richardson and Zakiession for cohesive sediment, in
order to account for the effect of concentratiopgaithe gel point. The modifications are:

« The term(1-¢) is added to account for the backffow

+ g@is replaced by/ge to enable a zero settling velocity for concentraiclose to
the transition pointgel.

The closure equation becomes:

f(¢)=vst(1—@£1—ﬁJ ¢ (2.23)
@) _ S{l——w] H ——¢](1—Zo) —M(l—(p)} (2.24)
d¢ %d @ei el

whereVg is the Stokes velocity of a single and spherioéitisrepresentative’ sphere,
@el is the gelling concentration,is the exponent.

Parametergge andn have physical meanings in terms of rheology (PNam Bang et
al., 2007). Indeedge is the concentration value from which the effeetiiscosity of the
suspension diverges. Anmdis a parameter describing the settling rate (thaller n is, the
higher settling rate is). Such a closure does megrde at zero concentration and its first
derivative is easy to obtain.
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FIGURE 2.5 - Granulometry of the tested material

8 A falling particle generates a return flow or @b#&ow. This phenomenon affects the settling vigloof the
surrounding particles by decreasing it with a fa¢ieg.(Winterwerp and van Kesteren, 2004)
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In our study, the settling column experimental hsspresented in Chapter 1(8 1.5) are
used to propose a new closure equation for thepeecheability of the Gironde cohesive
sediment.

First, the Stokes velocitWs is calculated based on Eq. 2.3 assuming that the
suspension is made of individual spherical solidigas having a ‘representative’ diameter
dgo Of 45 pm, as obtained from the grain size analysibe tested material presented in Fig.
2.5 leading td/stequal td0.0018 m/s.

The gelling pointge is determined based on differences in the shagheofertical
concentration profiles of the Gironde mud, (Fig }.B8tween the sedimentation (a) and the
consolidation regimes (b). As observed in Fig. 1.28% concentration profiles near the
bottom during the short term are concave downwatdle they become convex during the
long-term evolution. As discussed previously in 8.2, the gelling concentration marks the
transition between concave profiles (advectioneyneeability) and convex profiles (diffusion
or effective stress). Therefore, within our stuthe gelling point is roughly determined from
Fig 1.23 asge= 0.12 orCyei= 312 g/l.

v Dstermining the sedimentation law

a) ) Test 1 - Sedimentation b) 141
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FIGURE 2.6 - Space-time based method to determine the sedati@nflux: a) iso-
concentration plot; b) first derivative of sedimaindn flux: blue line is first derivative of the
sedimentation fluxif/dg, blue circles are measured slopes of iso-conceoitréities on plot
2.6a

The exponent is determined by correlating the first derivativethe sedimentation
flux with the measured slopes of iso-concentratiores. From the obtained vertical
concentration profiles of the Gironde mud (Fig. A23he space-time plot (Fig. 2.6a) is
produced by plotting contours of different concatitm @ within a z-t plot. Then, slopes of
these iso-concentration lines in the space-time (fl. 2.6a) are measured assuming that
these lines are straight close to the bottom ang lRaunique slope. The mean slopes (as
obtained by linear regression of tig) data) correspond to the measured valuel/dip (Eq.
2.24). In Fig. 2.6b, the line presents the firgivddive of the sedimentation flu/dgand the
corresponding points represent the measured slopes.

Knowing Vsiokes= 0.0018 m/sge = 0.12and g = 0.0295, the exponemt is finally
obtained by calibration in order to reach the hiéstgreement between the calculated and the
measured slope values. The vatue 8 is obtained.

Then, the settling flux for the Gironde cohesivdisent is proposed hereby:

_ o 12
f(¢) =0.0018(% (p{ 1_0.12j ¢ (2.25)
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The closure equation for permeability applied for Gironde mud is then:

_ f(g) =o.001q1—@(1_ o js .26
(s-1)¢ (s-1)g@ 0.12

In order to solve eq. (2.17), initial condition reeded. The measured initial
concentration of the suspension is equaCgo= 77 g/l,i.e. the initial volume concentration
@= 0.0295. In order to validate the closure equatiowill be implemented in the Gibson’s
consolidation model and tested using two differamherical models (cf. Part 2.5).

Compared to previous relations proposed in thealitee, this equation is supposed to
better describe physical processes in terms of flemckand zero-settling velocity for
concentrations near the gelling point. This willdeenonstrated later in the numerical part (cf.
part 2.5).

2.3.2 Self similar solution for the consolidation egime

2.3.2.1 Closure equation for effective stragss

For concentrations larger than the gel point, tbavective term is negligible in
comparison to the effective stress diffusion temmthe Gibson equation (2.12). In such a
situation, the Gibson equation is reduced to alim@ar diffusion equation:

dp_o0 99| _
o aZ[D((p)az} 0 (2.27)

where the diffusion coefficient is defined B ¢) :k—w(jj—;to match with Eq. 2.12.

NB: the sign is negative because the @issdirected upwards (against gravity).

The classical approach is to consider explicitlyhaological law for the effective
stress (for instance Terzaghi, 1923; Been and, SiB81). The use of simple rheological
models is widespread, and they are useful desmnigbr slow, steady-state compaction of
normally accumulating sediments from self-weighowever, this method does not produce
time-dependent effective stress, which is an ingmartpoint as argued by Toorman and
Huysentruyt (1997).

In the present study, the non-linear diffusion @oent is assumed to depend on
concentration, time and space by an empirical polaer, which is recommended by
Winterwerp and van Kesteren (2004), D§@)=D,¢#t°ZF where a, b, 0, a > 0 .Here the
time dependence of the consolidation is introduoadimic the thixotropic behaviour of mud
(i.e. the mechanisms of structural recovery anaustienning).

z=2zH
Using dimensionless variabkts =t/T
D, =H*°/T"®

where H is the initial water depthT is the time scale, anB, is a constant, the

equation then becomes:

a¢ 0 asb Ca(ﬁ
99_ 9 1yt z) 17227 2.28
o oz P( ) az} (2.28)

48



Chapter 2. 1DV modelling of sedimentation and cbdation of cohesive sediment

Introducing the similarity variabley=z/t-? with 8=(1+b)/(2+a-c) and solutiony, i.e.
Az )=y ( x)/t%in equation (2.28) leads to:

d| . . d
XY N2 -8y yx) | =0 (2.29)
dy dy
The self-similar solutiony, is obtained by integrating the second-order chffiéal
equation 2.29. An analytical solution can be detilg:
c,,a dy — a — 9 2-c
Xy ()()a—ﬁxy()() =0or y*(x) =5 +consl (2.30)

Scenario 1 is the general case where non-linefusitih coefficient depends on space,
time and sediment concentratioa, p,c# 0, and a > 0). In this scenario, there are two

solutions forc= 2 andc # 2

2—¢ 1/a _ _ %c
{M +a6?)( j for y O 0,(sz

2-C ad
y(x) = forc#?2
' (2.31)

-M(2-c) )2
0 forys| —~
X ( af )

y(x) =(M —alg|in x)"* for c=2

M acts as a constant of integration, and is caledl&iom the total mass of sediment
M
© [_M;;_C)]E }+i(_(:¢;(:)]; aggzZ—c
M.=[g(z,t)dz= [ yxndr=Mm2z | (1+(2_C)
0

0

j &(2.32)

Scenario 2 is a particular case where the nonsliddfsion coefficient is dependent
on concentration and time € 0)

(M _a@l+b)x? Jua 0 (_2'\/' (2+ a)f
. ,

y(x) = 1 (2.33)

Scenario 3 The non-linear diffusion coefficienbrdy dependent on concentration
(b=c=0)
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ay? V" 2M (2+ a)\2
M- for O O(—j
2(2+a) a

y(x) = (2.34)

1
0 for X > (sz
a

The closure equation for effective stress can biiodd by determining the four
variablesT, a, b, c.H is the water depth. The following part is dedidati® the determination
of these variables through the settling column erpental results (which were presented in §
1.5.5).

2.3.2.2 Parameter determination

The settling column presented in chapter 1 is esedlibrate the parameters.
As presented in the previous part, three scenaansexist:

. General case,b,cZ 0

. Casec=0

. Caseb=c=0

Measurement a=12, b=0.0, c=0.0, M* = 1.0

a=12,b=-3.4,¢=1.0,M*=1.0

a=12,b=-3.4,¢=00, M*=1.0
E b 015

il

Z(m)

¢[]

FIGURE 2.7 - Computed and experimental concentration pro{gg¢sMeasurement; b)
Scenario 2; ¢) Scenario 3; d) Scenario 1 (Scerzaisoselected)

The non-linear diffusion equation is transformeddimensionless form as explained
previously. The total mas¥l is then kept equal to 1.0. All the three scenasds tested.
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Different set of values dd, b andc are applied by trial and error, in order to fiine tbest set
of parameters.

Figure 2.7 presents the measured concentrationlgwofa) and the calculated
concentration profiles corresponding to three sgesdb, c, d).

It is observed that in the caselof ¢ = 0, the analytical results are very different from
the measurements, both in terms of maximum coraigons at the bed and the lowest level
of the water/sediment interface. Therefore thigdasot selected. The shape of concentration
profiles in Fig. 2.7b and 2.7d are similar to theasurements. A comparison between these
two analytical results shows no significant dififece. A slight difference arises in the lowest
level of the supernatant/suspension interface ésa@i gives a lower level at about 4 cm,
which corresponds better to our measurement). Hewdhie effect of parameteris also
revealed in the shape of the concentration profiea the bottom, as observed in Fig 2.7d.
This increases the maximum concentration near thgrbhoto almost 0.18, which is much
greater than the measured maximum concentratioerefdre, we restrict ourselves to
scenario 2: the diffusion coefficient depends othkmncentration and time:' = f (gt). A

set of parametera(= 12,b = - 3.4,c = 0) is obtained from this step. The followingpsis
dedicated to validate our selection and deterniiegparameter.

2.3.2.3 Parameter validation

From the above analysis, the second scenario éctedl With the selected set of
parametersa(= 12,b = - 3.4,c = 0), a good agreement is observed between theltaddand
the measured concentration profiles, as shown gn2ra & b.

a) ) Experiment C) Simulation
1

07 a=12,b=-34,¢=0.0,M*=1.0

° 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
) o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

el

teta =-0.1614 04 teta = -0.165

RMSE = 0.9858
RMSE =1.0

log t* log t*

FIGURE 2.8 - Interfacez ~t plot (a,b: experiment, c,d: self-similar soluti@nc: normal
scale, b,d: logarithmic scale). In figures b anthex axis signifies log(), and they axis
signifies the logf). In figure b, the red line represents the measuéplot, the blue one
represents the~t plot for the later stages of the consolidationcpss.
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In order to validate the selected parameters,xtperemental and self-similar values of
@ are calculateq apd compared. From the aboveip&tseen that the valué is in fact the
slope of the plot ~t .

Z \ 1+b
=— ,log(z )=8@log(t ) where§ =———

Ay o(z) o(t) 2+a-c

In the self-similar solution, we can determine* frahe concentration profiles the
height of the water/sediment interfareat different timet . We can then draw the interface
Z~t plot (Fig. 2.8c). The slopé is then obtained equal to — 0.165 by plottingZzhe¢ plot
in a logarithmic scale (Fig. 2.8d).

This value can be calculated manually from the \&abfe, b, cas:
_ 1+b _1+(-3.4)_
2+a-c 2+12-0

The same procedure is applied to the experimeasallts. However, by plotting the
Z~t plot in a logarithmic scale, we observe a linehwdtfferent slopes (the red line in Fig.
2.8b). This can be explained by the presence daécbn in the data. Indeed, those changes in
slope are the signs of transition between the smdliation regime dominated by advection to
the consolidation regime dominated by diffusion pss In order to represent the
consolidation only, we assume that diffusion ocaftsr a certain time, when the slope does
not change anymore. The slope of the second hdleofed line is found equal to — 0.1614
(linear regression). The calculated and experimherdlues of & are found in reasonable
agreement @neasured™ —0.1614 Gsimuiates= —0.169. The selected set of parameteas=(12,b =
-3.4,c = 0) is therefore confirmed validated.

-0.171

The next step is to determine paramdtefhis parameter can be determined from the
relationship between the dimensionless ttmend the real time

t=Tt; DT = H*®

%
0.25 T T T T T 10 T T T T T T

— fitted curve

8f Equation t*=t/10.3 g0

RMSE = 0.953
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FIGURE 2.9 - Determination of: a) Correlation between experimental and modelled
concentration profiles at the end of the consalmtaprocess; b) Relation between
dimensionless time and real time and the best-fit line.

Several experimental and modelled profiles at obffié timet during consoligation
regime are correlated, as observed in Fig. 2.9an;Tthe sampled dimensionless titnand
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the real time are plotted as different points in Fig. 2.9b. Atbit line is applied in order to
calculateT as the slope of the line in Fig. 2.9b< 10.3).

From the four determined parameterslf, c, H),Dyis calculated equal to 11.55. The
diffusion equation is transformed back to initiairh. However, since the correlation between
dz,t-) and ¢z,t) is unknown, it is recommended to keep that valudimensionless form
which is equal tap/gp.

12.
i M@_U :—i 11.5 ¢ t-3-4a_¢
0z| gp, 0z 0 17} 0z

(2.35)
The closure equation for effective stress of the@ie mud becomes:

12.
90 __ 11.55(£j g3 | Y (2.36)
0p ® kg
This closure equation for the effective stress dlimplemented in the consolidation
algorithms which will be applied in the morphodynamodel of the Gironde estuary.

2.4 Sedimentation-consolidation modelling approaclse

The above section gives a new procedure to deterrtiie closure equations for
permeability and effective stress. This method Whécbased on analytical solutions has been
applied to the Gironde mud. The constitutive eaquetifor the bed permeability (Eq. 2.26)
and effective stress (Eq. 2.36) will be implemeritethe consolidation models.

This section is a literature review on existing mddg approaches, and part 2.5 will
describe the consolidation models implemented sy ie.

Several numerical models based on the equationbso@ have been proposed in the
litterature. Been and Sills (1981), Merckelbach 0@0 Toorman (1996) proposed
sedimentation-consolidation models for saturatederr@d assuming both solid and fluid
phases to be incompressible. Birger et al. (2@&)tholomeeusen et al. (2002), Pham Van
Bang et al. (2008) used a finite difference nunariechnique to capture shocks in order to
describe the vertical propagation of concentrationts.

Hereafter four modelling methods of sedimentationsolidation are presented, and
we emphasize their strengths and weaknesses.

1) First-order kinetics models
2) lIso-concentration models
3) Mixed models between first-order kinetics and isogentration approaches
4) Vertical-grid models
2.4.1 "First-order kinetics” models

According to Sanford (2008) the effect of consdiiola can be approximated as a
first-order relaxation (exponential approach) toeampirical defined equilibrium state. First-
order kinetics models are then constituted of ckffé layers of consolidating muddy bed.
They calculate the concentration of each layer reply depending on the mean
concentration of the deposition. This means thereo mixing between consecutive layers.
The first-order kinetics equations have less patarador calibration and can be used for any
number of layers (even one layer), with any givencentration profile (even concentration
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profile not monotonically increasing). Although shmethod has no physical insight, it has
been used quite commonly because of the simphditiie scheme.

It has been known that the mean concentration ofsaalating muddy beds
approaches its final value in an approximately exptial manner (Hayter, 1986, in Sanford,
2008). Assuming that the equilibrium concentratiprofile is known, then the mean
concentration of the deposited bed is determinethéyollowing equation:

), ex;{ -Ej (2.37)
C. t

00

whereE(t) is the mean concentration at titn@C = p, x @), C_wis the final maximum

concentration attained after a consolidation time p is the parameter depending on
material.

And the concentration of sediment at depths calculated from the gradient of
concentration within the sediment deposit.

c(g) _ A( H- ZJB (2.38)
C H

whereA andB are functions of consolidation tinb@nd the relative deptti (=z/H).

Le Hir et al (1988) proposed an empirical model in the forna diifferential equation
with respect to time:

X a(e.-0) (2:39)

whereaqy is the coefficient depending on the type of bedemial.

Hillebrand & Olsen (2011) and Sanford (2008) usethalar algorithm to Le Hir et al
(1988) to model the effect of consolidation. Inithepproach, the concentration (density) of
the respective bed layers is a time-dependenthlarand is approaching an equilibrium state.
The values for the kinetics coefficient (s*) in Sanford (2008) is re-used in Hillebrand &
Olsen (2011) and is reported in the range of [b35e-5].

This method is relatively simple and not too conaiohally expensive. However, this
semi-empirical model does not account for the dgthgsics of consolidation.

2.4.2 “Iso-concentration” models
Bed structure

In “iso-concentration” models, the consolidating rydbed is discretized in layers of
increasing concentrations. The concentrations o éayer are constant and imposed by the
users.

The concentration of different layers are fixed #ssociated thicknesses are directly
linked to the amount of sediment that they contain.

M, =Ep xC (2.40)
As sedimentation and consolidation progress, sattilned mass is transfered from
bed layers of low density to underlying layers witgher densities, thereby reducing the total

bed height. The thickness of the top layers theeettecreases while the thickness of the
underlying layers increases.
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Compared to first-order kinetics models, this tygemodel needs at least two bed
layers to work properly, and concentrations incedasm the top surface to the bottom.

% (0
Cu Ver My €p (t+At)
vFl C1, V<1l M1 epl
Fi-l
C]_<Ci<Cimax Ci’ Vsi(t)' Mi(t)v en(t) v Ci! Vsi(t+At)1 Mi(t+At); en(t+At)
Fy
A 4
IFimgp(-l
v Cimax’ Vs,imax Ivlimax’ €Qmax ZR Cimax' Vs,imax I\/Iimax' €0max

FIGURE 2.10- Scheme of “iso-concentration” models

Ci, M, Vs, ep are the concentration, mass, settling velocity #mdkness of layern,
respectively.

Fi is the settling flux between layeand under-layeir1.

Z: is the level of sediment bed, is the rigid bottom.

Sanchez (1992) presented a semi-empirical iso-cdrateon model, which was
applied for the Loire. In this model, since theatattress was greater than the effective stress,
the velocity of the solid phase could be equahwgedimentation velocity (without effective
stress regime). Otherwise, the velocity of thedsqhase decreases corresponding to the
consolidation regime. This model is described byesd layers of fixed concentrations, and
variable masses and thicknesses depending onateea$tthe suspension. The mass variation
of a surface unit of the layereads:

%: i_Fi—l Mi 20
ot
E:—QxVS(Q)+Qaﬂa(tq) ifo >0’
F =0 fo<o'
k du
vV(c)=—"=2" 2.41
(€)= 5 2.4)
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'I(Cge|)
a={1—&}g j Cdz for Gz G,

s n(G)

o=0 for C <Cy
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where(C) is the level corresponding to the concentra@p(m); ois the total stress (Paj,
is the effective stress (Paj. is calculated from closure equation for effectitress.

Recently, Thiébotet al. (2011) presented a “iso-concentration multi-layer”
consolidation model. In his model, the mass corsam is ensured by requiring at each
moment, in each layer, an equality between the miag®ntained in a surface unit of layer
at timet + Atand the mass present in a surface unit of thisrlaydimet in which the
outgoing mass was removed and the incoming masadded (means the mass that crossed
the upper and lower sections respectively duriregtitneAt ).

M, (t+ A8 = M, (1) +(F (1) ~F L (1) & (2.42)

The outgoing and incoming masses are taken intoust by sediment flux noted
Fi(t).

(Ve (0 = Vea(9) G, G

= (2.43)
1+1
in which Vgjcan be defined as:
v, = k(coq[i—ij G <G,
) ’;S p{;“ | (2.44)
Vsi=k+_(_0-__0-j If CI >Cel
’ gp,\ 0z 09z J

The advantage of this iso-concentration model igite an accurate description of the
evolution of muddy sediment bed based on the Gibgbieory with reasonable computation
time. This model also takes into account high gmati of concentration. However, the
discretization of the mud bed in layers of fixedhcentrations is an over-simplification of in-
situ conditions, where the bed structure can belyigariable.

2.4.3 Mixed approach between iso-pycnal and firstrder kinetics

Villaret and Walther (2008) made a mixed approaeled on iso-pycnal (or iso-
concentration) and first-order kinetics models. i&mto the models proposed by Sanchez
(1992) and Thiébot et al. (2011), this model coraputhe thickness of iso-concentration
layers. The settling of sediment is then reprodunethe mass transfers between consecutive
layers in the model. However, instead of calcutatthe sediment flux and the settling
velocity based on the theory of Gibson, a set ddsieansfer coefficients per laygiare used.
These coefficients are specified for each layer maghtained constant during consolidation
process.

M, (t+At)-M, (t
1 Az (1) _ F(t)-F_(t)=-a.M () (2.45)

This method is simple, and not computational cosllyalso allows to take into
account high gradients of concentration. Howelies mmodel is higly empirical and does not
give any physical insight. Model results highly degd on the choice of empirical transfer
coefficients which are poorly defined.

And the main problem is in the determination of elggrameters. The calibration of
the large number of empirical parameters (oneagsr) is a difficult task. This model will be
presented in details in section 2.5.1.
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2.4.4 “Vertical grid” models
Bed structure

“Vertical-grid” models are models in which the cohdating bed is discretised in
layers of the same initial concentration. The thedges of layers are constant and can be
specified differently. Near the surface layer, @aging the number of layers will improve the
representation of the results, but at a high coatmutal cost. Concentration at these levels is
calculated using numerical schemes.

The Gibson equation in Lagrange coordinate sysfef) can be solved by applying
different numerical schemes (either finite elemaminite difference).

Finite element model

The first model (namedD-FE-FCT) is a finite element model with a Flux Corrected
Transport algorithm (Boris & Book, 1973, cited ihdn Van Bang et al., 2008) to avoid both
the numerical diffusion of a first-order time scheand the artificial oscillation of a second
order time scheme. This model was developed by RfemBang et al. (2006 & 2008).

Originally developed in a finite difference schemagplied to linear advection
equation and to gas dynamical equations, the FCAntque was modified by Lohner et al.
(1987) for finite element method and hydrodynanfiosPham Van Bang et al., 2008). The
basic concept of FCT is to generate a positivel) liccuracy solution through a combination
of high and low-order schemes:

QFCT — a,iCihigh + (1_a,i)Cilow (246)

where C"" (and C'®) are the concentrations computed from the highd (@w-)

order schemes at the noidex is a weighting coefficient (0 & < 1) andC™" the corrected
concentration.C™" is restricted to the interval defined by the minim and maximum
concentration in the elements that contain natehe previous time step.

Both schemes are combined such as the high-ortemse is employeda =1) in

areas where the variables vary smoothly, a combmaif the two schemes is used in a
conservative manner, to ensure a monotonic solutioareas where the variables vary
abruptly. In the 1D-FE-FCT code, the 6-step aldponit of Georghiou et al (2000) is
implemented with the Zalesak’s Flux Limiter Procedl(in Pham Van Bang et al., 2006). For
the high-order method, the time scheme is basddagnNendroff's method (second order in
time); and for the low-order method, a lumped massrix formulation is used to make the
computational cost associated with the FCT tectenitpgligible.

Finite difference model

The second model which will be presented in detaild validated later in section 2.5
was developed by Lenormant (1993) based on theoGibguation (2.14) and applied to the
Loire estuary. The constitutive laws which give gemeabilityk and effective stregs as a
function of the void rati@ are necessary to solve the equation.

To numerically solve Gibson equation including atian and diffusion terms, a 1D
vertical mesh which discretises the bed into sé\ayars is considered at each bottom point.
Equation (2.14) is solved by applying the finitéfeience method with an implicit scheme
(double-sweep scheme). The coefficients of both @dwe and diffusion terms are explicit in
order to make this equation linear.

57



Chapter 2. 1DV modelling of sedimentation and cbdation of cohesive sediment

2.4.5 Conclusions

The above literature review gives a general overwa the process of sedimentation-
consolidation and updates current knowledge onrexpatal and numerical models of these
two processes.

In a layered model (first-order kinetics and iso-@amtration models), the number of
layers needs to be fixed. The main advantage is¢bmputational cost. While the first-order
kinetics models have no physical insight, the isneentration models are based on the
Gibson theory. However, since the concentratioreaxth layer is invariant, layered model
cannot represent the in-situ conditions, where likd structure can be highly variable.
Moreover, this type of model cannot be developeithéocase of sediment mixtures, where the
concentration of each fraction varies dependingtten percentage of each fraction in the
mixture.

The “vertical grid” models represent more naturdfig variation in the bed structure.
They are the most appropriate choice of coastal lmosiece they can more accurately
resolve the top and bottom boundary layers by asirg the number of vertical points only
within these areas. However, their disadvantagieei€omputational cost.

In the next part (cf §2.5), three sedimentationsodidation models which represent
three different types of model for cohesive sediwati be analysed. They will be compared
against the experimental results of the settlingroo data of the Gironde mud, in order to
select the most appropriate one to our researake:isghe morphodynamic modelling of
cohesive sediment.

2.5 Inter-comparison of 1DV sedimentation-consolidéon models

The consolidation effect in the morphodynamic mo@®isyphe release 6.1) is
accounted for by using an existing simplified midiyer model. In order to correctly simulate
the morphodynamic of cohesive sediments, two otphysical-based sedimentation-
consolidation models are implemented (Sisypheaselé.2) and validated against the settling
column data of the Gironde mud. The following partssent these three models:

1) Semi empirical multi-layer model
2) Gibson multi-layer model
3) Gibson vertical grid model

The first two models are similar in modelling scleerboth models are based on a
multi-layer iso-concentration scheme, but “ModelhHs no physical insight whereas “Model
2" follows the Gibson theory. Figure 2.10 (in seati2.4.2) presents the common scheme of
these two models.

2.5.1 First-order kinetics multi-layer model (Model 1)

This model was originally developed by Villaret &alther (2008) by mixing two
approaches of iso-pycnal and first-order kinetas,detailed previously. In this model, the
muddy bed is discretised into a fixed number oétaythe maximum number of layers is 20).
Each layeii is characterised by its mass concentrafpfkg/nt), mass per unit surfadd;
(kg/m2), thicknesep and a set of mass transfer coefficiafs™).

The thickness of the lower layers (higher conceioinq increases by successive
transfers from the upper layers. The mass balantzgyeri is:

MM ) =am 0 2a7)
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As the assumption of the model is to consider Epérfixed concentration over time,
only the masses and thicknesses of these layersvargy Thus, for a homogeneous bed
section along the vertical axis, equation (2.4 €onees:

ep(t+A)C —ep( ) C_ F () -
At '

The transfer coefficients (i=1, n) are empirical coefficients which are determingd b
calibration in order to reproduce the time-varyaaogcentration profiles.

F.(t) =-4 xG xep(} (2.48)

At the first layer, there is only one interface vbe¢n the first and second layers.
Without the deposition, the thickness of the flester decreases continuously as the mass is
always transferred to the lower concentration layéere, the calculation of the transfer
coefficient of the first layer (assumed not to lmepéy, epr cannot be equal to 0) is directly
linked to the thickness of the sediment.

_ 1 ep(h-ep(tn)
ep(?) At

(2.49)

From layer 2 tamax-1there are two interfaces: one with the upper lagter other
with the lower layer. Thus, the layer receives dirsent flux F.; from the upper layer and
transfers a mass flux to the lower layer and the mass transfer coeffi@gis defined as:

c.] 1

, = - ep( trA tXA Bt | = 2.50
a =/ ep()-ep( A+ @, x gp,()ix C |epat (2.50)

A zero transfer coefficient of the last layefH@) is imposed to satisfy the requirement
of impermeable bottom.

The mass transfer coefficients can be determirtbereirom:

1. The most representative vertical concentration il@f we select the most
representative ones among the obtained vertical ecdration profiles and
determine the transfer coefficients based on egugt.50). These values then
need to be generalised in order to represent tlobevtbst case.

2. The time evolution of the mean concentration (degptbraged over the whole
sediment colum@ = f(t). In fact, when a mass of sediment is subjectetheo

consolidation, its height decreases when its memteantration increases with
time (Fig. 2.11). The multi-layer model should m@guce this phenomenon of
consolidation. The principle of the latter caseuasss a bed decomposed into a
number of layers of fixed concentration and restgetime. This method consists

of discretising the curveC = f(t)into several layers of fixed concentration and

residence time. The mass transfer coefficegns calculated for each layer using
equation 2.50.

In fact, 1/a is considered qualitatively as a characteristicetiatale of inter-layer
transfer or residence time per layer. The residé¢imge increases (and therefardecreses)

when C increases. Therefore, the transfer coefficient Ehalecrease when the layer
concentration increase.This simple approach seenelyo simplistic. In future, the
formulation of the time dependence of the coeffite could be considered.
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FIGURE 2.11 - Mass conservation during the consolidation med¢apper, from Bugeat,
2008), evolution of the mean concentration withetifower, from Thiebot, 2008, is the
mean concentration of laygrT; is the residence time of layerdefined as the time which
separates the layer of concentrati@mwith the layer of concentratidii.; .

2.5.2 Gibson multi-layer model Model 2

This is a 1DV sedimentation-consolidation « mudtyér » model, based on an original
technigue to solve the Gibson equation, developge@hiebot et al. (2011). The advantage of
this representation is that the flux of sedimentatand consolidation is calculated based on
the Gibson theory.

The concentration of different layers are fixed #ssociated thicknesses are directly
linked to the amount of sediment that they contain.

The scheme of this model is similar to the “simphalti-layer” one, which is
presented in previous section. However, insteadsofg the transfer coefficients which are
arbitrary, this model is based on the Gibson’s théor the definition of the settling velocity
of solid grains and the determination of mass fuxe

The outgoing and incoming masses are taken intoustdy the sediment flux noted
Fi(t).
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(Ve (0 = Vea(9) Cn G

F ()= s (2.51)
where
v, = k(cz.m(pi—iJ C <Gy
S (2.52)

Vv, = k(c,)q{i_i}k@) LACRRACIFN
Po Pl 9Pu " (a9 + ep())

The settling velocity and sediment flux of eachelayre calculated based on the
Gibson theory as a function of permeabiktgnd effective stresg by the model They can
be calculated once knowing the closure equationpdéomeabilityk and effective stressg’,
which is specific to the type of mud. The consiveitlaws need to be determined for each
application.

For the Gironde mud we use equations (2.26) an86)2determined in previous
section based on analytical solution and measwedentration analysis.

2.5.3 Gibson vertical grid model Kodel 3

This model is also based on Gibson equation (186@)saturated clay layer featured
by its void ratioe. To numerically solve the Gibson equation, thegstder a 1D vertical grid
at each point of the bottom (i.e. at each poirdfgrid), which discretizes the muddy bottom
in several layers.

t t+AL

Qmax(t); ;Zsimax(t)

€iv); Zsie) Eit+an; Zsit+an

. _____________________________________
e Z €1 (tet); Zs1 (t4e)

-

FIGURE 2.12 - Scheme of Model 3 at time stept andt+4t

In order to describe the process, a new variabteas introduced instead of using the
variablez. It is associated with solid graindz, represents the solid volume of layer s

the total volume. They are related by the followieation:
dz=dz(1+e) (2.53)

The constitutive laws for permeability and effeetistress as a function of the void
ratio are necessary to solve the equation (2.11).

Equation (2.11) is solved by applying the finitéfelience method with implicit
scheme (double sweep algorithm) (Lenormant et E93). The coefficients of both
convection and diffusion terms are explicit in artielinearise the equation.
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Discretisation results in a system of equationshef following form (see details in
Appendix 2):

A€ +Bg + &= (2.54)
wherei stands for the depth n stands for time

Concerning the boundary, the bottom of the mud ibathpermeable, so there is no
water source at the bottom layer. That gives tliomship betwees; ande;:

B€"+Gg" =0 (2.55)
At the water-mud bed interface, the void ratiosswaned to be constant:
e =cst (2.56)

The Gibson vertical grid model has the advantagd the equation reveals the
consolidation process. However the specific closgeations of permeability and effective
stress should be known. Moreover, this model wa®ldped for the case of consolidation,
which means it cannot be applied for concentratigiel point,i.e. without effective stress.

2.5.4 Comparisoof sedimentation-consolidation models

The three presented models can be divided into tiypes in term of modelling
schemes:

» Vertical-grid
* Multi-layer
And two types in term of modellling approach:
* Semi-empirical
* Physical based

The “vertical-grid” model uses an iterative methtmd solve the Gibson equation
(2.11). The results are accurate but the computdiina makes it impossible to use this
model in the case of long-term sediment transportilation because this equation requires to
be solved at each point within the bed. It is mappropriate for coastal models since it can
more accurately resolve the top and bottom bountdgmrs by locally refining the mesh at
these areas.

For the “multi-layer” model, the main advantageits simplicity and efficiency.
However, since the concentration of each layer ngariant, it cannot give a good
representation of the variation of sediment cormegions in the bed structure. Moreover, this
type of model cannot be developed to the case difmemt mixtures (see chapter 5 for the
development of hindered settling model for sedimnmeixtures).

One advantage of this representation is that tine df erosion and deposition are
easier to calculate than in a “vertical grid” modewhich the layer thicknesses are fixed. If
there is erosion, the thickness of the top surfdayer decreases and vice versa, when there is
deposition, the top layer thickness increaseshén‘tertical grid” model, the thickness of the
top layer is fixed. If there is erosion or depasitiit is necessary to redistribute the mud stock
in order to take into account the gain or losseadfiments.

With “multi-layer” model, the accuracy of the contetion profiles depends on the
choice of the concentration per layers. In realityis possible to take the concentration
differences increasingly as we get close to theimmam concentration to maintain the
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sufficient accuracy for the surface layers (lessceaotrated), i.e. those whose thicknesses vary
rapidly under the effect of sedimentation, consaiaig erosion and deposition.

The “multi-layer” model allows to take into accourthe high gradients of
concentration while if we use a vertical grid modgth equidistant points, the accuracy can
be limited in some areas of the deposit.

In term of physical processes, it would be preferatd use a “physical-based”
approach since it gives accurate results. Furthexptbe volume of parameters to process in
the case of “semi-empirical” approach is equah®mriumber of layers, which is much greater
than the case of a “physical-based” model.

The following table gives the comparison betweea descriptions of these three
models.

TABLE 2.1 - Descriptions of three sedimentation-consolidatiwdels

Inputs  Parameters Method Outputs
Model 1 dC,dt a=a(Ct) Concentration profiles z; = z(G,t)
Model 2 dC,dt  C, Ge, n, Vstokesy  Space-time plot z; = z(C,1)
Model 3 dz,dt C, G, N, Vstokesg  Space-time plot Cij=C(z,)

On one handModel 1uses the successive concentration profiles to mlites time
relaxationsg; for each time step while the last two use the space-time resultsive g
simulations. On the other hand, the numerical eratis different: the third one needs a
vertical Eulerian description) grid to compute the concentrationlsttthe first two consider
a concentration grid to simulate the layer thiclsess{agrangiandescription). Finally, only
the last two consider the continuity equation incadance to Gibson theory.

The following table compares the strengths as asthe weaknesses of these models:
TABLE 2.2 - Strengths and weaknesses of three sedimentatimsnlidation models

Strengths Weaknesses

Model 1 « Simplicity » Evolution ofC is not realistic
» Computational cost No physical approach (based on heuristic
» Stability concept)
» Accuracy depends on the number of layers
* Too many parameters to be calibrated

Model 2 « Simplicity » Cof each layer is fixed
» Stability « Difficulty in determination of constitutive
* Physical approach laws

e Accuracy of C-profiles depends on the
number of layers

Model 3 « Cis not fixed e Instability (the model does not work for
» Direct resolution method large time steps)
* Physical approach » Computational cost
« Difficulty in determination of constitutive
laws

e Accuracy of C-profiles depends on the
number of layers
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2.5.5 Numerical implementation and validation
2.5.5.1 Validation test

The two above-presented models have been implechémtdhe numerical sediment
transport model (SISYPHE) (cf. User-manual for e sediment transport, SISYPHE
v6p2, Villaret & Van, 2012), and are validated agaiour experimental settling column of
the Gironde mud.

The validation test concerns the simulations of ewoh of concentration profiles of
sediment due to the sedimentation — consolidatiocgsses. For this study, a conventional
settling column instrumented by X-ray techniquesused to obtain vertical concentration
profiles at different times (see §1.5 for the expent).

The test concerns a settling columnkbf= 20.7cm height prepared at solid volume
fraction of 2.96% (.e. C =77g/l;e=32.77).

Numerical parameters

Geometry: to reproduce the settling column a squememain of 20 m x 20 m is
selected.

Mesh: 4624 nodes, size: 0.3 m

Boundaries: Solid walls

Time step4t = 60 s (Model 1 & Model 2) 2t = 10 s (Model 3)
Simulation duration: 244800 sec (68 hours).

Number of layers for “Model 1” & “Model 2”: 20

Number of points for model “Model 3”: 21

Initial condition
TABLE 2.3 - Initial condition of ‘Model T’ & “ Model 2

Layer 1 2 3 4 5 6 7 8 9 10
C(ll) 77 80 93 109 125 141 157 173 186 204
H(cm) 20.7 O. 0. 0. 0. 0. 0. 0. 0. 0.

Layer 11 12 13 14 15 16 17 18 19 20

C(gll) 220 236 252 268 284 300 316 332 348 364

H(cm) O. 0. 0. 0. 0. 0. 0. 0. 0. 0.

TABLE 2.4 - Initial condition of ‘Model 3

Layer 1 2 3 4 5 6 I 8 9 10

e(-) 32.77 3277 32777 3277 32.77 32.77 32.77 32.777732.32.77

H(cm) 1.035 1.035 1.035 1.035 1.035 1.035 1.035 1.035351.01.035

Layer 11 12 13 14 15 16 17 18 19 20

e(-) 32.77 3277 32777 3277 32.77 32.77 32.77 32.777732.32.77

H(cm) 1.035 1.035 1.035 1.035 1.035 1.035 1.035 1.035351.01.035
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FIGURE 2.13 - Initial condition of consolidation model. Lef#lodel 1& Model 2 Right:
Model 3

Model parameters:

In Model 1 the set of parameters is the mass transfer caeftsa which correspond
to each layer. The following table gives the obtdinalues ofa, which is obtained by trial
and error.

TABLE 2.5 - Calibrated parameters bfodel 1

Layer 1 2 3 4 5 6 7 8 9 10
Coef.a 1x10%2 8x10° 6x10° 4x10° 2x10° 1x10° 8x10* 6x10* 4x10* 2x10*
Layer 11 12 13 14 15 16 17 18 19 20

Coef.a 1x10* 8x10° 6x10° 4x10° 2x10° 1x10° 1x10° 1x10° 1x10° O

In order to use th®lodel 2andModel 3 the closure equations for permeability 4nd
effective stressd') associated with the parameté¥sdkes Cyelr €yel, Cmax Emax N) are needed.
This procedure was presented in details in se@i8n The obtained closure equations are
given below:
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TABLE 2.6 - Parameters ofModel 2 & “ Model 3

Model Model 2 Model 3
Closure n e— "
equation for k k(C)=—u - S1-E | 2 k= ( ° j( ege']
for C< Cgel 0. Ce) C -1\ 1+e)| 1+e
Closure n n
C C €~ Gax
equation for k k(C)=—=7 Vs 214" )Ll—c—j % k(@) = 1(1+ ej( 1+¢neJ
f0r C>Cge| ps max
Closure 12.
) o0 c)  lx 90’ _ 5(1+eoj a4l N
—=-|11.58 = | t®4 | -|11.5 ) 4 VA
equation forg' 3C { E{Coj } KC 1+ e KL+ &
Vstokeg(m/S) 00018 00018
Gel point 312 (g/l) 7.33 ()
Maximum 400 (g/l) 5.5(-)
concentration
Exponentn 8 8
2.5.5.2 Simulation results

F
i T ¥ T T
150 200 250 300 350
Cikg/m3)

T
200

250
Cika/m3)

FIGURE 2.14 - Validation results of “Model 1”: a) Sedimentaticegime; b) Consolidation

regime
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FIGURE 2.15- Validation results of “Model 2”:a) Sedimentatioggime; b) Consolidation
regime
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FIGURE 2.16 - Validation results of “Model 3":Sedimentatiorgime; b) Consolidation
regime

2.5.5.3 Computational cost

In order to compare the computational time, thremukations using three
consolidation models are launched, with the timepsis set equal to 10 s, and 60 s,
respectively. For the sake of simplicity, the siatidn is restricted to the sedimentation
regime only (which is within 3 hours). The tablddve presents the computational consuming
time for the three models using the same time step.

TABLE 2.7 — CPU time of three consolidation models for seditation regime witlAt = 10
S,60s

CPU time Model 1 Model 2 Model 3
At=10s 5s 18 s 51s
At=60s 3s 4s Unstable
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2.6 Conclusions
Through the validation test, it can be seen that:

* “Model T gives good results in sedimentation regime. Insodidation regime, the
modelled settling velocity seems smaller than tleasared one. This can be explained
by the small mass transfer coefficients of the lolagers. However, one important
remark is the shape of the concentration profikegr the bottom. To my knowledge,
in sedimentation regime, the shape of concentrgtiafiles close to the bottom is
convex, while in consolidation regime, they becoocmmcave due to the diffusion
term. However, this phenomenon is not observedguré 2.14. This meandodel 1
does not give any physical insight. The correcultesare just obtained from an
appropriate selection of transfer coefficierts The calibration procedure is time
consuming (one coefficient for each layer).

 The results of Model 2 are given in figure 2.15. At the beginning of the
sedimentation regime, the model tends to give higlettling velocity and higher
concentration at the bottom. However, after a certeme, an agreement between
modelled and measured concentration profiles i®miesl both in sedimentation and
consolidation processes. As was discussed aboveadberacy of Model 2 &
“Model 3 depends on the discretisation of the model,nwember of layers, points. It
can be seen from figure 2.15b that the concentratioves near the bottom change
from convex to concave, which represents the chdmye convection to diffusion
term in the equation.

* Figure 2.16 gives the results produced Model 3. This model was developed for
consolidation regime only (with effective stresk).this validation test, in order to
simulate the sedimentation, the diffusion term dslead but the coefficienD, (see
section 2.2.2.1) is set equal to 0.002 (very snwainpared to the value in
consolidation regime). In sedimentation regimegiies good results in term of
concentration at the bottom compared to the measne Concerning the descent of
water/sediment interface, the model results artla higher than the measured ones.
This can be explained by the addition of the diinserm, which retains the settling
of the sediment particles. In consolidation regithere is always a gap between the
measured and the modelled concentration profilesveyer, the trend of the modelled
profiles are well concaved from5h.

* Regarding the instability of modelsMbdel I & “Model 2 are stable, even with
large time step such a& = 60 s. In contrast,Model 3 only runs with smaller time
step 4t = 10 s). For the same time steplddel I consumes less CPU time, while
“Model3” needs much longer CPU time.

Comparing the results produced by 3 models, ibiscluded that Model 2 is most
suitable for long-term simulations. First, it givgeod results and is the most efficient in
regards to computational time. Second, it is a ghaydased model, with the access to both
sedimentation and consolidation regimes. Moreotke model does not produce the
instability, even with large time step.
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Chapter 3. Modelling of erosion/deposition procasskcohesive sediments from the Gironde estuary

3.1 Introduction

Erosion and deposition laws are required as boyndamditions in morphodynamic
models. Numerous experiments have been performebdeoGironde mud, leading to a wide
range of semi-empirical erosion/deposition paramsefEhese differences will be analysed in
order to highlight possible differences coming frme composition of the mud which varies
spatially within the estuary.

Additional experiments have been performed at tN¢TR laboratory, in order to
study the erosion behaviour of the Gironde mud. sdeaments have been performed on pure
mud issued from the Patiras bank in the central gfathe estuary (Fig. 1.1). The description
of the erosion and deposition experiments is givesections 1.5 and 1.7. Experiments are
then simulated using the TELEMAC - SISYPHE systéinis modelling exercise allows to
calibrate the erosion and deposition parametemsder to reproduce the raw data set (time-
varying concentration for given water depth and iegabbed shear stress). This work has
been published in ICSE proceedings (cf. Van etall2).

This chapter presents a literature review on thiédbredion of erosion/deposition
parameters of the Gironde mud. The numerical sitiunls of the new experiments aim to
validate the capability of the morphodynamic mot®lrepresent the erosion/deposition
processes for pure cohesive sediment. Our framevgottke Telemac finite element hydro-
informatic system (cfwww.opentelemac.ojg release 6.1. The 2D hydrodynamics model,
Telemac-2D is here coupled to the 2D morphodynanadel Sisyphe.

This chapter is organised as follows: Part 3.2 miless the numerical model and the
governing equations of erosion-deposition. Part i&3@ews the experimental results on
erosion-deposition parameters of the Gironde muadt 8.4 presents the model set up and
calibration on the new data set (cf. § 1.5 - 8§ .1P@grt 3.5 gives the conclusions of this
chapter.

3.2 Description of SISYPHE and new developments

TYPE OF
SEDIMENT
SILT, MUD! FINE SAND COARSE SAND CRAVELS
Sediment Diameter i B | | o
T T ™
| 0.06 mm || 0.1 mm | | 2om | | 20mm | | 500 mm
COHESIVE SEDIMENTS NON-COHESIVE SEDIMENTS

Consolidation
' . Bed load
Suspension only

SEDIMENT And Bed load

) Erosion deposition
IRANSPORT laws Suspended load

FIGURE 3.1 - Sediment transport processes for cohesive andolbesive sediments in
SISYPHE

SISYPHE is a 2DH process-based finite element numphamic model, which has
been developed as part of the TELEMAC system (Usanual of Sisyphe release 6.1,
Villaret 2010). SISYPHE was first developed for fonmn grain-size non-cohesive
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applications, and has been extended to gradedasanell as to cohesive sediments or sand-
mud mixtures. The sediment composition is repr&skbl a finite number of classes, each
characterised by its mean diameter, density andingetvelocity. Sediment transport
processes also include the effect of bottom slogel beds, secondary currents, sliding beds.

SISYPHE can be applied to a large variety of hyginasinic conditions from rivers,
estuaries to coastal applications, where the effettvaves superimposed to a tidal current
can be included. The bed shear stress, decompotedgkin friction and form drag, can be
calculated either by imposing a friction coefficie(Btricker, Nikuradse or Chézy) or
predicted by a bed-roughness predictor.

In this model, sand transport rates, decomposedoed-load and suspended load, can
be calculated at each grid point as a function eioua flow (velocity, water depth, wave
height) and sediment parameters (grain diameteatjve density, settling velocity) (Fig. 3.1).

Fine cohesive sediments are transported in suspenand follow a classical
transport/diffusion equation (Fig. 3.1). This egomatis similar to the transport equation of a
passive scalar (e.g. temperature, salinity...) \&ithadditional term to represent the vertical
settling term. In 3D, the suspended sediment massentration C (g) verifies:

‘Z—fﬁ(UC)—a(WSC) :i( acj

0z az\ "t E (3.1)

wheret is time, z is the vertical axis directed upwardd; is the vertical downward
velocity (\Ws> 0) any the turbulent dispersion coefficient of sediment.

The 2D transport equation for the depth-averagednno®ncentration is obtained by
the depth-integration of equation 3.1, simplifioatiof the advection terms and using the
continuity equation:

E-D)_
a_C+Uconva_C +Vconva_C :1 i(h{jsa CJ +i hE saC +( )h_zfef (32)
ot 0X oy hjox ox) 0 oy h

whereC is the depth-averaged mean suspended concentration
h=4-Z; =ZsZ is the water depth, assuming the bed-load layektieiss to be small

UconvandVeony are thex andy components of the depth-averaged horizontal cdiorec
velocity.

The erosionE and depositiorD fluxes, defined by Eq. (3.3) and (3.4), need to be
specified at the bed, in order to determine théhamge of mass between the water column
and the sediment bed:

aC
E= —(yt E] . (3.3)

D =-(WC),, (3.4)

The erosion and deposition rates need to be spécifis a function of the
hydrodynamic bed shear stregs and bed properties. The following classical Krone-
Partheniades laws are applied (Partheniades, 1962):
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2
E=M [(ij —1} ifr, =pu® >r, =p U’

U, (3.5)

E=0ifr, <7

where M is the erosion parameter (kgsT), u- the critical erosion shear velocity
(m.sY), T, the critical shear stress for erosion (N)randp, the density of water (kg.1.

The deposition rate is represented by the depoddi:

u. 2 .
D:WSC[l_[U*dJ} if u<u, (3.6)

D=0if u >u,

whereW; is the settling velocity (MY , u the critical deposition velocity (mi%.
The critical shear stress for deposition is deteeniequal ta,, = o . (N.m?2).

The development of cohesive sediment transport®YBHE is completed within this
thesis by:

1) Implementation and validation of two sedimentatocamsolidation models (a
Gibson-based multi-layer model and a Gibson-basedical grid model) in
SISYPHE (cf. Chapter 2)

2) Validation of the cohesive sediment transport medwy} simulating the RTWH
erosion — deposition experiments (Chapter 3)

There are many factors affecting the erosion-déjposiparameters of cohesive
sediments, including hydrodynamics, sediment chiaristics (type of mud, its concentration
and its composition - Migniot, 1968), vertical seént bed structure and chemical and
biological influences.

Here, the consolidation process is incorporate8IBYPHE by representing the bed
with a number of layers, each having a specifickiness, concentration, and critical shear
stress for erosion. In SISYPHE, the erosion ocoarghe uppermost layer. Depending on the
settling state of the sediment, the erosion ratebeahigh (un-consolidated sediment) or low
(consolidated sediment).

On the other hand, the biological factors can aftee erodibility of sediments in a
negative (decreasing sediment stability) or positfincreasing sediment stability) way. A
positive effect on sediment stability is descritssbiostabilisation which is defined as “a
decrease in sediment erodibility caused directlindirectly by biological action”. One of the
most common negative effects of biological actisnthe reworking of the sediment by
organisms known adbioturbation (a reworking or packaging of the sediment bed by
organisms) (Paterson, 1997).

The settling velocity is also itself a function thie suspended concentration and the
state of flocculation.

These parameters must be determined experimen&alige there are many physical
parameters affecting erosion and deposition presesbe determination of these parameters
is crucial, in particular for the Gironde estuarljigh is characterized by a large heterogeneity
in the sediment bed composition (see § 1.3 for mdetails on sediment bed distribution).
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3.3 Literature review on erosion — deposition lawsf the Gironde estuary
mud

3.3.1 Erosion parameterM

In order to investigate the behaviour of erodibld babject a flow, Bonnefillet al.
(1971) realised an erosion experiment. Sedimentoolscted from the Gironde estuary (the
exact location was not mentioned by the authoisg. Jranulometric analysis showed that this
sediment is mainly cohesive; with 99.5 % of paeschave diameters less than 40 um. The
mean diameter is 2.2 um.

According to Bonnefilleet al. (1971), many experiments have used the classical
device which is a rectangular or trapezoidal chbwitd a glass section for the observation of
the bed. The disadvantage of this type of chammehe difficulty to define the hydraulic
conditions of flow. Indeed, in a free-surface flawe amount of available energy depends on
the slope of the free surface, in which the measarg in channel is difficult and incorrect
due to the disruption caused by pumps, reflectialg the channel walls, etc... To
overcome these inconveniences, it was decided @oauow pipe with the circular cross
section.

-3
3‘°,_l_‘|‘1{||;-r SO T T T T T T T
Uocri! ) | M 2 — 1 .
(cm/s) | ‘ J (g/cms)_ o) ]
| ~3
- | 2.10 — ° ]
20 b— 1 ———— i —
— Usger=0,00183 C; — - —.
n | — —
| ] 146’
1,5 : o ]
. T | |
- — 5.10 S ! _—
4]’—
1,0 % o
/l B . 6 ]
e LA Ll e L
150 200 300 400 0,15 0,2 0,3 0,4
Cs (g/t) Cs(g/cm)

FIGURE 3.2 - The correlation between critical shear velo&iyerosion and bed sediment
concentration (left) and between erosion coeffithd and bed sediment concentration (right)
(from Bonnefille et al., 1971)

Bonnefille et al. (1971) affirmed that the erosicoefficientM is not a constantbut
increases rapidly witlc . And for the tested material, i.e. the Gironde nhé results also
showed that the coefficieM increases according to the following relationsfkm. 3.2 on
the right side):

_ 3 -2 &1
M =0.058C° @cm“.s") (3.7)
To my knowledge, this is the unique available fiorcof the erosion coefficie to

sediment concentratio@ of the Gironde mud. In fact, there are many vahfed have been
found by different authors; however, all of themre aonstant values which are not dependent
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on sediment concentrations. According to Phan (RG@2 erosion coefficieril depends on
the settling state of muddy bed, and is highlyalale. Hence, this result of Bonnefik al.
(1971) significanty improves existing erosion maded the Gironde mud

Compared to other proposed constant valuellothis result is close to the values
obtained by Harrison and Owen (1971) and by Mig@ioBellessort (1970). The formers
proposed the valuel = 1.710* g.cm?®.s® for an unknown concentration, but estimated equal
to 200 g/l - the limited value obtained after 3 slayf consolidation. This value d¥i
corresponds to the concentrati@r= 140 g/l on Fig. 3.2. The latter proposed thaigdll =

4x10* g.cm?s® for mud concentration of 200 g/l which is equalthe value proposed by
Bonnefilleet al (1971) as can be observed in Fig. 3.2.

3.3.2 Critical erosion velocity (critical shear stess for erosion)

Regarding the critical erosion velocity, a compamidetween the results of Migniot &
Bellessort (1970), Cormault (1971) and Bonnefiflaal (1971) was given by Castaing (1981)
in his PhD thesis.

According to him, similar experiments have showmtaie limitations in a linear
relationship between critical velocity for erosiar, and sediment concentrati@h Here are
three formulae developed from experiments in chisnore the Gironde mud.

The first formula of Migniot & Bellessort (1970) sigthe form:
U.(cnm/ §=7.5x10°x Cwith 200<C < 45@ (3.8)

The second is the work of Cormault (1971) at Latmra National d’Hydraulique
(L.N.H), which is presented in Fig. 3.3:

U (cm/ §=5.5x10°xC + 2.6« 10° xC? with 150< C < 46Qy | (3.9)
u',(cm/s)
T4
6 fi
5 /
o Experimental limit | __ j,r
of Cormault /

0 100 200 300 400 500 600
Concentration (g/l)

FIGURE 3.3 - Critical erosion velocity of the Gironde mud versesliment concentration
(adapted from Cormault, 1971)

The third one is the experimental results of Boilleefet al. (1971), which is
illustrated in Fig. 3.2 on the left side:

_ .2
u.(cn §=0.0018% C* ;1929 /I <C < 362y / (3.10)
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Most recently, in the “Navigation channel and Hanbd®Vorks” report of G.P.M.B
(2002) a synthesis on different measured valugsachmeters was produced to establish a
general function between the required friction eéioto start the erosion of a mud of a given
concentration and the concentration. It is worthingpthat this formula is generalised based

on previous experimental works.
LLe(Cm/ 9 - é4.95.103c— 0.91 (3'11)

The limit of validity is relatively accurate. Coroia(1971) performed his experiments
in a mud tube using mud of concentration rangirgnfrl50 to 460 g/l (Fig. 3.3). Strictly
speaking, this formula can only be used within thsit. Beyond 460 g/l, unpublished
experiments of Laboratoire Central d’'Hydraulique Heance (L.C.H.F) show that the
variation is no longer lineany. varies as a function a2 In fact according to Migniot &
Bellessort (1970), in order to erode a mud of catregion of 490 g/l, a critical erosion
velocity u.,equal to 3.8 cm/s is needed, or to erode a muamtentration of 540 g/lu.,

needs to be greater than 6.2 cm/s.

3.3.3 Settling velocity

The settling velocity is the main parameter fodisent deposition flux modelling.
The settling velocity is mainly determined by arsahg the vertical distribution of
concentrations in laboratory flumes. These metlgpds values varying between 0.1 and 5
mm/s for concentrations between 0.1 and 20 g/l (&.B 2002).

Effect of sediment concentration and salinity

A Salinity of 5 %o 04 Concentration
$—q 10 gfl
e———o Sg/l
A—-48 24g/\
3 03r

Settling velocity (mm/s)

o
]
[=]
[
1
/

0.1~ 01 T'."' -
.I
___________ —b
A—-"8
0 i L | L 0 - L ] L -
0 10 20 30 40 0 1 3 5 10
Concentration (g/l) Salinity (%o)
a) Influence of concentration b) Influence of salinity

FIGURE 3.4 - Measured settling velocity of the Gironde mudjutescent condition, results
of Migniot & Bellessort, 1970 (adapted from Davesmel Kovacs, 1979)
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In an attempt to reproduce the sediment transpahieoGironde mud in a scale model,
Davesne & Kovacs (1979) first revised the measgedting velocity of the Gironde mud in
quiescent condition with varying concentration (Biga) and with varying salinity (b).

The results show that in quiescent water, the migbacentration of solid particles is,
the higher settling velocity is, as long as the cemtration does not exceed 17 g/l. The
maximum velocityW,= 0.3 mm/s is reached when the suspended congent€is equal to

17 g/l (salinity = 560). Beyond 17g/l, the settling velocity decreaseag.(B.4a).

For a known concentration, the settling velocitgreases rapidly when the salinity
increases from 0 to Bo (Fig. 3.4b). The settling velocity is multiplied b factor of 20 when
the salinity increases from 0 to% for a concentration of 10 g/l. The rate of ince#s
reduced for lower concentrations (5 g/l or 2 g/l).

Settling velocity determination using scale model

Later, Davesne & Kovacs (1979) simulated the sedintensport in their scale
model. The schematic estuary characteristics wesedban the Gironde estuary. The mud
was represented by a light material, tilsonite Thegilsonite has a density of 1.036 and a
mean diameter around 45 um. And the flocculationthe area of salt intrusion was
reproduced by the addition of a salt flocculent. Tdigective of this experiment is to
reproduce the turbidity maximum as observed intinonditions.

The conducted result of Davesne & Kovacs is thatuhadity maximum can only be
obtained if the settling velocity of particles lmetscale model is greater than 0.5 mm/s (which
corresponds to a settling velocity of 3.3 mm/s atune). This value is then considered the
measured settling velocity in turbulent flow. ItiMoe compared against the measured in-situ
settling velocity in the Gironde estuary given byat®t et al. (2005) and Sottolichio et al.
(2011) later.

Settling velocity in quiescent conditions

Boutin (1993) correlated the existing formula ottlgey velocity (eg. diagram of
Thorn, 1981) with the measured settling velocitysaitling columns and annular flume to
determine the settling velocity of the Gironde mud.

Two types of equipments were used: the settlingroak equipped of sampling points
and the annular flume. The columns are made ofigtéextransparent glass, thermo-formed
and capped one end. They are 2.00 m high, 10 cer di#gmeter, and 4 mm thick. The flume
is 20 m long. It is characterised by a fluid streahtonstant section. The created velocity
field is of uniform turbulent type.

The sediment used was the Gironde mud, which witected at Bassens (KP 10, see
Fig. 1.1), was screened to #®and was then treated with permanganate to stop the
proliferation of organic matters. In his experingrnihe sediment was mixed with water from
Grenoble city withpH = 7.

Based on the concentration profiles, the sediment &nd the settling velocity of
different sediment concentrations were calculatedugh the mass conservation equation.
Then, applying the formula of settling velocity posed by Thorn (1981), the parameters
were calibrated by correlating the measured setthelgcity values with the law of Thorn
(1981). Finally, the empirical formula of settlimglocity of the Gironde mud was obtained:
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This result gives very low settling velocity valuesguiescent environment. It will be
compared against the results of other authorsaticse3.3.6.

Effect of turbulence

Recently, the effect of turbulence on settling vidjowvas examined by Gratiat al.
(2005) and Sottolichieet al. 011). They compared measurements of settling iglat
quiescent fluid and in turbulent flow. Experimemisre performed in laboratory (Gratiot et
al., 2005) and in-situ (Sottolichio et al., 2011).

In both experiments, mud was sampled at the cerfittke Gironde estuary, close to
the Pauillac station. While in Gratiot et al. (2D05was chemically treated to limit the effect
of organic matters, and was sieved at 100 um, [Bdtio et al. (2011) used the natural
sediment. The latter authors argued that the treattiof organic matters leads to much higher
flocs density than the one of natural mud, whicly inareases the sediment settling flux.

In Gratiot et al. (2005), laboratrory experimentsrgv performed in quiescent fluid,
applying two methods:

« For C< 5 g.I™: four tests were performed in the range [0.2, 5.0} he sediment
settling velocity and the concentration were recdrdsing the INSSEV video
system after being well-mixed in a grid-stirred aevi

* For high SSC: they applied the Kynch’s method tteeine the settling velocity
based on the position of the lutocline (cf. KyntB52), which separates the fluid
column into two distinct layers: the dilute suspendayer above ,and the fluid
mud layer below (cf. Ross & Mehta, 1989).

In turbulent fluid, sediment settling flux was irstigated in a turbulent-grid
experiment (Fig. 3.5) in which turbulence is createside the tank by a diffusive mechanism.
The box is a square Perspex tank of 53 cm wide3@ndm high. For all experiments, water
depth is kept atl = 40 cm. The grid is fixed horizontally B = 5 cm above the bottom of the
tank. The oscillations were made at frequeRcy3, 4 or 6 Hz) with a stroke (twice the
amplitude)S= 4.5 cm.

y'A

1 1 l | dilute susp. layer

H lU‘UClule

0O S1.r‘1nnnnnn

bed
initial condition s1cady condition (in most turbid cases)

»
e

S— —

transient stage

FIGURE 3.5 - Grid-stirred experiment procedure (from Gragoal., 2005)

Fourteen experiments were conducted with varyirspended sediment load and grid
oscillation conditions. For each run, the settlilux in the turbulent mixed layer is obtained
from the estimation of the position of the lutoeliand the determination of the concentration
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C in the concentrated benthic suspension (CBS) layequilibrium state (where the settling
flux of the fluid mud mixture is balanced by theangyd turbulent flux).

From the experimental results, they concluded thatturbulence only increases the
settling flux when the SCC exceeds 10'gThe settling flux can then be double for the
highest concentrations. Besides, hindering effebterved under quiescent conditions when
the concentration exceeds approximately 18 aré considerably reduced in highly turbulent
conditions.

Y Veclor 2 e

p— B, BS5 cm

...........

Vector 1

FIGURE 3.6 - Sketch of the frame and the position of ADVs argS9 instruments (from
Sottolichio et al., 2011)

In Sottolichioet al (2011) the measurement instrument is sketchédgn3.6 and is
detailed in Sottolichio et al. (2011). This comlsrieo Acoustic Doppler Velocimeters (ADV
Vector, Nortek) and two optical turbidity senso@BS) fixed at different levels above the
sediment bed. Two OBS turbidimeters provided SS@.da

To determine settling flux in quiescent fluid, sdegpof turbid water and fluid mud
were taken using a Niskin bottle, and carried oWicard immediately. The results were the
time dependent vertical profiles of suspended sedintoncentratiorC(z,t) measured by
Bergen Nautik multi sensor system. The settlingeigy ws(h,t) at a depth < H below water
surface was calculated from the equation of masseamwation, following the procedure by
You (2004). The recirculation in the tank is netgelc

Mean turbulent settling fluxes determined from thBV measurements are also
plotted in Fig. 3.7. Fluxes were obtained from goated 32 Hz records of velocity and SSC
averaged over 3 minutes and 30 seconds, respegctivel

The comparison between measured settlling fluxesGudtiot et al. (2005) and
Sottolichio et al. (2011) is illustrated in Fig73Figure 3.7a gives the obtained settling fluxes
in quiescent condition (line) and in turbulent flgdots) of Gratiot et al., while figure 3.7b
and 3.7c show the settling fluxes in quiescent tmwd (line + crosses) and in turbulent
condition averaged over 3 mins (dots), and ov@ses (circles).

Comparing to the laboratory experiments of Gragébtal. (2005), in situ sediment
fluxes averaged over 3 minutes were smaller. Asudised above, Sottolichio et al. (2011)
argued that the treatment of organic matters cath e an increase in flocs density, hence an
increase in settling flux of sediment. The resutBig. 3.7 confirm this argument.
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Averaging turbulent fluxes and SSC over shortergaer of 30s allowed to increase
the mean SSC in the CBS layer up to 100.gHowever, the large discrepancy between the
results of settling fluxes over 3 minutes and 36osds need to be clarified and further
investigated.
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FIGURE 3.7 - Mean settling fluxes as a function of suspendedhsent concentration. a)
Results of Gratiot et al. (2005). Solid line: saglfluxesg( in quiescent condition; dots: in
turbulent conditions; b) Sottolichio et al. (201C)osses and solid line: quiescent water; dots:
turbulent fluxes determined from in-situ ADV meamments averaged over 3 mins; c)
Sottolichio et al. (2011) circles: turbulent flux@éstermined from in-situ ADV measurements
averaged over 30 secs (in Sottolichio et al., 2011)
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3.3.4 Critical shear stress for deposition

Conversely to the large number of erosion experimyaneasurements on the critical
shear stress for deposition are scarse.

Recently, G.P.M.B (2002) reported that the expentsien flume in laboratory give
the critical deposition velocity of the Gironde mafiL, =0.7.10°m /s, which corresponds

tor., =0.05N /m2. However the flume dimensions, measuring technape mud treatment
procedure were not given in the report. Thereftinig, value cannot be considered reliable.

3.3.5 Erosion-deposition parameters from existing odels

In the 2DH depth-integrated model of Sottolichi®4Q) the settling velocity was
fixed to 1 mm/s. Using this high value, they assdrtet the flocculation is implicitly taken
into account. The critical shear stress for erosiod deposition were both imposed to 1 N/mz2.
Therefore, they assumed that deposition and eratgsonot occur simultaneously. It is also
assumed that the hysteresis between the sheas sfresosion and deposition is minimal.
This assumption is, however, not realistic sincha$ even been shown that deposition and
erosion can take place simultaneously (SanfordHaikla, 1993, cited in Sanford, 2008).

Once deposited, the sediment is considered ingtahlle erosion consta was
selected equal to 0.01 kg/m?/s, a relatively higllue but fixed to ensure a strong flux of
sediment in the water column. All erosion/depositiparameters were assumed to remain
constant for the whole domain, which is an overtdificption of the natural heterogenieity of
sediment and sediment transport processes.
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+ crilical shear siress for deposition
* erosion consiant M

FIGURE 3.8 - Longitudinal distribution of the critical bottonmaar stresses and the erosion
constant values (Li et al., 1995)

According to Liet al. (1995) the parameters must take a unique meaie abng each
cross-section in their 2DV width-integrated modEeig( 3.8). The critical shear stress for
erosion was set to 0.65 N/mz for areas of fluid yrardd equal to 2 N/m2 for sandy areas. The
critical shear stress for depositiopand the erosion constak¥itwere respectively taken from
0.3 - 0.5 N/m2, and 2.10- 3.10° kg/m?/s (fig 3.10). The settling velocity was adfted
according to the results given by Thorn (1981)Serern estuary:
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W, (mm $=0.513x €° C<3¢g |
W, (mm' $=2.6x10°x (1- 0.008C 9* 3g/k C< 100y

More recently, Phan (2002) set up a 3D sedimemispart model for the Gironde
estuary based on the previous work of Li et al98)9 The principle to calibrate deposition
and erosion parameters was similar to the study ef al (1995). The critical shear stress for
erosion at the bed. was characterised by the nature of bed materiat. Srhaller values

correspond to fluid mud, and higher values for gaped. In his modelr.,was chosen to be

varied between 0.7 and 2.5 N/m2, depending on #ter@e of the bed. The erosion coefficient
M was also chosen depending on the nature of thedmetlwas varied in the estuary. The
obtained values were between 5'18nd 1.8.17 kg/m?/s. The critical shear stress for
depositionr,, was selected between 0.1 and 0.4 N/m2,

(3.13)

3.3.6 Analysis on erosion/deposition parameters

Erosion and deposition parameters from previousdétiog and experimental)
studies of the Gironde mud are synthetised indsBI1 and 3.2.

TABLE 3.1 - Review on erosion parameters of the Gironde mud

Authors C(g.I'" ue(cm.sh T.(Nm2) M (g.cnmzs’
EXPERIMENT

Bonnefille et al. 192 <C <362 0.0018%CH? 0.055<C3
(1971)

Cormault (1971) 150 €< 460 55x10°xC + 2.6¢ 10 xC 2 2x10°

Migniot & 200<C<450 7585x10°C 4x10"for C =
Bellessort (1970) 200 g/l
Harrison & Owen 1.7x 10%for C =
(1971) 200 g/l
G.P.M.B (2002) @4-95¢10°xC- 0,91

MODEL

Li et al. (1995) 0.65+ 2.0 2.10'+3.10°
Sottolichio (1999) 1.0 0.001

Phan (2002) 0.70+ 25 5.10+1.8.10°
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TABLE 3.2 - Review on deposition parameters for the Giromdiel

Authors C(g.'" W, (mm.s?) ug(cm.s’) 7y (N.m?)
EXPERIMENT
Davesne & Kovacs TM’ 3.3
(1979)
Migniot (1984) CcC=17 0.3
Boutin (1993) 0.37(1- 0.0kC )
G.P.M.B (2002) 01€<20 01-50 0.7 0.05
MODEL
Li et al. (1995) C<3 0.513«C"?
C=3 2.0
C>3 2.6x10%x (1- 0.00&%C 3
Sottolichio (1999) 1.0 1.0
Phan (2002) 0.1-04

*: Turbidity maximum
Experimental results are compared on Fig 3.9 k& erosion coefficieri¥l, Fig 3.10 for the
critical erosion velocityu.,and Fig 3.11 for the settling velociys versus sediment

concentratiorC. In those figures, symbols represent values hiiere defined at a constant
concentration, while continuous lines represenieglicalculated from semi-empirical
formulae depending on concentration.

3,00E-03
2,50E-03+
/U?Z,OOE-OS* E E ®E ®E &= E E ®E ©EnR
5
S 1,50E-03
= 1.00E-031 —+— Bonnefille et al. (1971)
5 Cormault (1971)
5,00E-04 Harrison & Owen (1971)
® Migniot & Bellessort (1970
0,00E"‘OO T T T T T T T
100 150 200 250 300 350 400 450 500

C (9

FIGURE 3.9 - Erosion coefficienM versus sediment concentratiGr{ Gironde mud)

The first graph (Fig 3.9) presents the relationdhgpween the erosion coefficieht
and bed concentratio@. Among of four authors, only Bonnefille et al. 7119 gives the
dependence dfl as a function oC, others only determined one valueMffor a knownC
(Harrison & Owen, 1971, Migniot & Bellessort, 197@)did not precise the applied range of
sediment concentration (Cormault, 1971). It carobserved that the two values Mf given
by Harrision & Owen and Migniot & Bellessort agredath the M-curve provided by
Bonnefilleet al(1971). Furthermore, it was confirmed by many atghthatM should vary as
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a function of concentrations and on the consolidagtate of the mud bed. Therefore, the
results of Bonnefilleet al. (1971)can be considered reliable for sediment transpodeting
purpose.

6

51 —e— Migniot & Bellessort (1970)
—e— Bonnefille etal. (1971)

4

—m— Cormault (1971)
—a G.P.M.B (2002)
B Eisenbeis & Roger (2011)
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FIGURE 3.10 -Ciritical erosion velocity versus sediment concerareC for the Gironde
mud
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FIGURE 3.11 - Settling velocityWs versus sediment concentratiGnn quiescent water
(Gironde mud)

In the case of critical erosion velocity, an agreement is observed in Fig. 3.10

between plotted lines. However, (almost) all relasi between the critical erosion velocity
and sediment concentration are only valid for cotregions smaller than 460 g/I. This can be
explained by the fact that, in laboratory conditiotiee consolidation time is much shorter
than in nature (e.g several hours compared to akewerars), therefore, the maximum
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concentration that a sediment can attain in laboygd60 g/lI) can be lower than the value in
nature conditions. On the other hand, unpublisheoe@ments of Migniot & Bellessort
(1970) affirmed that beyond 500 g/l the relatiomdslonger linear, but varies as a function of
C2, but the empirial coefficient is still un-defohe Therefore, within this study, we assume
that these functions can be applied for conceomatgreater than 460 g/I.

Figure 3.11 shows the relationship between thdirggtvelocity Ws and sediment
concentratiorC at quiescent condition, given by Migniot & Bellegs970), Boutin (1993),
Gratiot et al. (2005) and Sottolichio et al. (2Q14mong of them, the results of Boutin (1993)
only concern the hindered settling regime. In congpa to the other experimental results,
Boutin gives much lower settling velocity at higbncentrations. Similar, for lower range of
concentrations, the results provided by Migniot &IBssort (1970) are much smaller than the
values provided by Gratiot et al. (2005) and Sathob et al. (2011). The recent results
provided by Gratiot et al. (2005) and Sottolichtcaé (2011) are close to each other, which
give the maximum settling velocity of 0.5 mm/s émncentration of 5 g/l. However, because
all these experiments were performed in quiescendlitions, these results cannot be applied
in morphodynamic modelling where turbulence playsmportant role in cohesive sediment
transport.
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FIGURE 3.12 - Settling velocity W versus sediment concentration C in turbulent
environment (Gironde mud)

The settling velocity obtained in turbulent envinments is given in figure 3.12.
Comparing figure 3.11 and 3.12, the effect of tlebae is to increase the settling velocity.
For example, at sediment concentration of 3,ghe settling velocity measured in quiescent
water is about 0.5 mm/s, whereas in turbulent fldlis value can attain 3.3 mm/s
approximately. This high value corresponds to tleasnred settling velocity in scale model
of Davesne & Kovacs (1979).

Conclusion

Based on the above comparison and analysis, it [m&anconcluded that the
measurement results in laboratories are in fairlydgagreeement, in particular for the critical
velocity for erosion. However, a gap is observetiveen measurements in laboratories and
in-situ through the experiments of Gratiot et &20(d5) and Sottolichio et al. (2011).
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Furthermore, the discrepancy between experimentahpeters and model parameters can be
observed from table 3.1 and 3.2, in particularciaical velocity for erosion and deposition.

Considering the large variability in the parametieesn the litterature, a calibration
step is necessary, in order to verify that the ctett modelling tool (SISYPHE) is able to
correctly simulate the erosion/deposition processasd that the selected set of
erosion/parameters is adapted to the type of sediarmel modelling tool.

3.4 Model calibration of erosion-deposition paramesdrs

Experiments were performed in 2011 at the RWTHblatory (Germany), in order to
investigate the erosion and deposition behaviotin@Gironde estuary mud.

Measurements have been performed on pure mud i$saradhe Patiras bank in the
central part of the estuary. The new experimetddh was presented in 8 1.5. This section
only presents the model validation against the oreasents. The objective of this validation
test is to show that SISYPHE is able to repredamiphysical processes regarding the erosion
and deposition. A comparison between the resulp@fious experiments and the new one is
also made.

In this section, three experiments are simulatdie Tirst simulation deals with a
settling column with the objective of calculatinget settling velocity. The two next
simulations are to calibrate the parameters by miaduhe erosion and deposition tests. All
simulations are carried out using SISYPHE (UserumarVillaret, 2010 ).

3.4.1 Settling velocity validation

3.4.1.1 Numerical parameters

To model the settling experiment, we consider doum domain at rest with an initial
water depth of 1 m (for simplicity we assume a sgu@omain of 20 m x 20 m with 4624
nodes, similar results would be obtained with #ediént geometry). All boundaries are solid
walls. The initial concentration is set at 6.6 @id the bed concentration is set equal to 100
g/l. A time step of 1 second is selected.

Geometry: 20 m x 20 m
Mesh: 4624 nodes, size: 0.3 m
Boundaries: Solid walls
Time data: Time step = 1 sec.

Simulation duration : 6000 sec
In the model , we assume that:

» There is no critical shear stress for depositidhe( critical deposition velocity is
set equal to 1000 m/s). This means that deposifiways occurs.

* The erosion process is neglected by setting thr@@r@oefficientM equal to 0.

* The horizontal diffusion in the transport equat(8r2) is neglected in comparison
to vertical diffusion term.

3.4.1.2 Settling simulation in quiescent fluid

Following Thorn (1981) we assume the general foamul
W,=axC C<GC
s (3.15)
W, =ax(1-8 xC) C>QG
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whereC; is the transition concentration at which the saftivelocity is maximumg, b,
a, 5, oare empirical coefficients.

The initial concentration of the settling test invénh tube is 6.6 g/l. From the
experimental results (Fig. 1.24), it is observed ttathe initial time periodt(< 800 s), the
decrease of the depth-averaged sediment concentiatthe Owen tubes is very rapide from
6.6 g/l until almost 2 g/l. After 800 s, the contation reduces much more slowly. This
observation can be explained that the settlingomsiamf large concentrations is very high,
and decreases when the concentration decreases.

In reference to Fig. 3.11, we assume that onlyfliteculation regime is concerned
(i.e. where the settling velocity is directly proponal to the sediment concentration). We
need to determine three parameterb, G in the first formula.

The experiment was realised under quiescent condifiherefore, according to the
experimental results of previous authors given ign B.11, the transition concentration is
estimated to be in between 4 - 5 g/l. By trial @nbrs, the value of 4.5 g/l is selected as an
appropriate choice. The two parametar$ were determined by calibrating the model based
on the measurement results (Fig. 3.14).

The proposed settling velocity formula for the ddide mud in quiescent fluid in
flocculation regime reads:

W, =0.15xC?* (mm/ 9 C<45 ¢ |

(3.16)
W,=35 (mnV/ 9 45 g/ k <10 g/
10
1 _
IS
E 01
0
=
0,01 -
0,001 ‘ ‘
0,1 1 C (g/) 10 100

FIGURE 3.13 - Proposed settling velocity versus depth-averagegended concentration
for the Gironde mud

The function of the settling velocity on sedimewincentration is shown in figure
3.13.
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FIGURE 3.14 - Comparison between modelled and measured deptlaged concentration
versus time

Figure 3.14presents the model results against measurementthdotime-varying
depth-averaged concentration. A good agreement serobéd between measurements and
model in figure 3.14or the proposed formula (3.16). So we considemtioposed formula of
settling velocity for low concentration to be sttory.

However, we emphasise that the objective of thisukation is to validate the ability
of SISYPHE in physical modelling the settling ofdseents. This result cannot be applied
directly in morphodynamic modelling where the fléeld is turbulent.

3.4.2 Numerical simulation of erosion experiment
3.4.2.1 Numerical parameters

TABLE 3.3 — Assumptions made in numerical simulation of ienogleposition experiment

Experiment Simulation
Flume Annular Straight
Secondary currents Yes No
Free surface No Fixed free surface
Consolidation Yes No

A straight channel of 1 m width and 16 m lengthttm891 nodes is built to model the
erosion and deposition processes. The water Is\ggdtiequal to 0.35 m as in the experiment.

Intial condition: a sediment concentration of 1 ¥l set up as observed in the
measurement (see § 1.7).

Boundary condition: the two ends of the channelcanesidered as liquid boundaries
with free evolution.

In order to reproduce the time-varying bottom ststegss, the flow mean velocity
is calculated using the following formula:

88



Chapter 3. Modelling of erosion/deposition procasskcohesive sediments from the Gironde estuary

-_ K - K (3.17)
In(z/'z) In((Z ¢x(30/ K))

whereu'’ is the shear velocity (m/sk is von Karman constantzis the distance above
bed (m) % is the roughness height e(k /30)in which e is the exponential constant

(=2.718281828 approximativly) ankl is the Nikuradse’s roughness (m)

C
U

Here, the Nikuradse’s roughness is fixed equal.@®D m, which represents flat bed
covering of mud sediments.

TABLE 3.4 - Imposed velocity field in deposition and erosiondels

n, (N/m?) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
u (m/s) 0.01 0.014 0.017 0.02 0.022 0. 025 0.026 0.028

U (m/s) 0. 206 0. 292 0. 357 0.412 0. 461 0. 505 0. 546 0. 584

The flow in x direction is neglected. The flow ig direction is calculated by
multiplying the known water depth with the imposesocity.

The time-varying depth-averaged concentration delyends on the applied bed shear
stress (set of equations 3.4, 3.5 and 3.6). Secprdarents are neglected in the simulations.

During the experiments, both erosion and depositipmcesses may occur
simultaneously. In modelling, we first calibrateetltwo processes separately, and then
simulate them simultaneously later. Only the firedults will be presented. The consolidation
process is not computed in this study. However ¢basolidation effect is taken into
consideration since different layers having difféereoncentrations are set. A time step of 1
second is used for both models.

3.4.2.2 Numerical simulation

In the erosion test, the sediment concentratioth@® cm bed was initialised at about
150 g/l. The bed was let consolidating during salvbours. The test started when the bed
concentration of 300 g/l was reached.

In the model, if we assume a uniform sediment be@0®g/l, it is impossible to
reproduce the measurements with an erosion rasgively to the measured values of
previous authors presented in section 3.3.

Therefore, we assume a stratified bed with meathe@peraged concentration of 300
g/l, in order to reproduce the effect of consoiiniat Different scenarios are tested ( 3 layers,
4 layers, 5 layers), with increasing concentratidrinally, four layers of concentrations are
selected. The three top layers are composed ofngotidated sediments, and are supposed to
be eroded at low bottom shear stress. The fouytr leepresents the consolidated bed with
maximum concentration of 300 g/l as mentioned | éxperiments. The total thickness of
these four layers is 4 cm.

The critical bed shear stress for deposition isesgtal to 0.3 N/fhand the settling
velocity is assumed to be function of the depthraged suspended concentration, according
to Eq. 3.16 above.

Both the critical bed shear stress for erosion @uedPartheniades coefficieM are
determined by a trial and error procedure and coetpwith the values from the litterature
review (cf. § 3.3).

The critical erosion bed shear stress obtainedatippration, increase from 0.1 Nfm
for the top layer up to 0.47 NfmThose values are of the same order of magnititiethe
experimental results of Migniot & Bellessort (1970he calibrated Partheniades coefficient
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M also varies with the concentration of the beddayel results are summarized in Table 3.5.
These values are equal to the measured valuesrofeithe et al (1971) except for the last
value. A possible explanation is that the pararsetdérthe last layer represent the “mass-
erosion”, which was not reported in previougpexments.

Erosion of cohesive soils refers to surface erofilme erosion), whereby individual
particles or small aggregates are removed fronsdilenass by hydrodynamic forces such as
drag and lift. Mass erosion is determined by théssandrained strength, or yield strength.
Mass erosion occurs when the yield strength isenkee such as a slip failure of a streambank
or when large flakes of soil are eroded from theashbed. Studies have shown that there is a
strength difference of one to three orders of ntagel between erosional strength and vyield
strength.

TABLE 3.5 - Bed structure and attached parameters in erosoutel

Layer Concentration (g/l)  Thickness (cm) re (N/m?) M(kg/m?a/s)
1 150 0.4 0.1 1.86x10°
2 200 0.7 0.22 4.4x10°
3 250 0.4 0.35 8.0x10°
4 300 2.5 0.47 0.132
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FIGURE 3.15 - Comparison between modelled and measured deptlaged concentration
in erosion test

Figure 3.15 presents a comparison between moddtg€m black) and measurements
for the time-varying depth-averaged concentratidsing the calibrated values of the erosion
parameters, we can achieve good agreement betiweanddel results and measurement. Or
the model is able to represent the two types ofi@mosvhich were mentioned in the
experiment: “floc-erosion” and “mass-erosion”.
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3.4.3 Simulation of the deposition test

In the experiment, the deposition test was steatest the occurrence of mass erosion,
when the depth-averaged concentration reached §8.&and remained constant. This
phenomenon can be explained either by the fact tthatwater column is saturated with
suspended sediment or that the whole sedimentdyed is eroded.

Our numerical results confirm the latter hypothesisthe end of the erosion test, all 4 cm-
thickness of sediment bed is eroded, and there isare sediment on the bottom.

In the simulation of the deposition experiment, ithigal and boundary concentrations
are fixed at 33.8 g/l as in the experiment. Becatseinformation on bed sediment is not
given, the bed concentration is fixed at 300 gitsithis is not an important parameter in this
validation test.

As described in the measurement, the settlingsstainen the bottom shear stress is
lower than 0.3 N/m2. Within the first five hourg,(,= 0.8-0.3 N/m?), there is no deposition.

During the next hour, it falls slowly, and then ceases sharply within 2 hours until the end
of the test. From this analysis, the critical bbéas stress for deposition is assumed to be
equal to 0.3 N/mz, then the critical depositionoedly in the model is set equal to 0.016 m/s.

At the beginning of the deposition test, the highotlent flow can induce the flocs
break-up, leading to a reduction of the settlintpeity . In the model, the settling velocity is
calibrated equal to 30 um/s at the first stadeh6ur) and rises up to 45 pm/s at the second
stage (¥'and & hour). These small values correspond to the isgttielocity of primary mud
particles.

%:
O o Measurement o)
—— Model
24
20 ‘ |
40000 47200 Time (s) 54400

FIGURE 3.16 - Comparison between modelled and measured caatientin deposion test

The calculated depth-averaged concentrations arepa@u against the measured
values as seen in Fig. 3.16. In this figure, therekese of the modelled concentration shows
two steps as in the measurements. In general, tdelntaptures well the decrease in the
depth-averaged concentration. However, at t = 54108fter descending continuously, the
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depth-averaged concentration increases slightlythed continues to decrease. This is not
observed in the model result. This can be explamethe fact that the previously deposited
sediment is then eroded, which brings more sedimgnto the water column. In the model,

if we fixe the sediment bed concentration to a tamtsvalue of 300 g/l, erosion cannot take
place at low bottom shear stress. Only the mugdded structure, presenting a top layer of
soft bed material, can succesfully reproduce treenlked time-varying concentration, during

the deposition experiment.

3.5 Conclusions

The erosion and deposition laws are essential koulede the bed evolution and
concentration in morphodynamic models. Parameteithase laws depend on the type of
mud, its concentration and its composition. Thelisgtvelocity is itself also a function of
concentration of the suspension and the state ootcdlation. These parameters must be
determined experimentally.

Sediment in the Gironde estuary is highly hetereges, and characterised by an
alternate presence of pure sand (or sand domir@an®, mud (or mud dominant), (random
debris) and sand-mud mixture. Several 2D or 3D ¢ngdimentary models have been
constructed for Gironde estuary, however, the ssdieerosion/deposition parameters show a
large variability (particularly in the choice of tHeartheniades coefficied and settling
velocity Ws) based on a literature review. This can be expthioy the high heterogeneity in
the sediment bed composition as well as the usifefent experimental device and possibly
unreliable or not well defined experimental protscol

To overcome this lack, the new experimental tesistiee erosion and deposition
processes were realised, which have been simulatechlibrate parameters. The good
agreement between measured and modelled erosiategodition fluxes was obtained . This
gives access to better model the morphodynamibeflironde cohesive sediment which is
presented in chapter 4.
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Chapter 4. Application to the morphodynamic modgliof the Gironde estuary

4.1 Introduction

Most estuaries and bays located on the French Atlaetiside have endured strong
alluvial bed evolutions in the last decades. Thémsl evolutions may affect the
morphodynamic equilibrium, with important consequesnon various economical activities
and environmental issues. The Gironde is a highiyadical macro-tidal estuary
characterized by complex geo-morphology, high tithi and heterogeneous sediment
distribution (Allen, 1972, Castaing, 1981). Thisuesy has been studied for many years for
numerous applications: dredging management oh#wgation channel from the mouth of
the estuary down to the harbour of Bordeaux (set@mbour in France), maintenance of the
cooling system of the Blayais nuclear power plémtgted 50 km downstream of Bordeaux,
in the central part), flood prevention...

Most attention has been paid to the tide propagdtituybrechtset al, 2012a) and
the position of turbidity maximum in the estuaryi @t al, 1995, Sottolichicet al. 2011).
Suspended sediment transport models have beerogedeh order to reproduce the position
of turbidity maximum as a function of river discgas and tidal amplitude (Sottolichio &
Castaing, 1999, Cancino & Neves, 1999, édtial., 1995, Phan, 2002, Benaouda, 2008,
Nguyenet al, 2009). The position of turbidity maximum andetgension vary seasonally: it
moves upstream of Pauillac during summer drouglrid, can be flushed out during flood
events at the end of winter and spring time (Sicttad & Castaing, 1999).

Under the combined action of tidal currents, waaed flow rates, large amounts of
sediments can be transported as bed load and slespbérad. From historical bathymetric
records made by the ‘Grand Port Maritime de Borgdeé@d.P.M.B), drastic bed evolutions
are observed in the central part of the estuargh3ed evolutions may strongly affect the
morphodynamic equilibrium. (cf Chapter 1)

Few models address the morphodynamic issues inctingplex estuarine domain
(Chini & Villaret, 2007; Villaretet al, 2012, Huybrechts et al., 2012b). For a schermetiz
tidal basin, Hibmaet al. (2004) showed that a 2D depth-averaged model (2®Bl)fficient to
represent the morphological development of chashekl systems, in particular when the
near bed velocities can be related to the depthaged velocity. The validity of the 2D
assumption has been examined by Chini & VillareDO@ based on ADCP velocity
measurements taken in the central part of the gs(aa July 2006). According to their study,
the depth-averaged velocity and the bottom velatigasured at 10 cm above the bed are in
the same direction and their intensities proportioflae 2D (depth-averaged) hydrodynamic
model can therefore be considered as a good congedmtween model accuracy and CPU
time for large scale and medium term morphodynaplications.

This work attempts to develop a realistic 2D mogbh@amic model which can be
applied to predict the sediment dynamics and medam bed evolution in the central part
of the estuary. This is where drastic bed evolutibage been reported as a result of sand
banks formation and secondary mid-channel depasitnentioned in Chapter 1, the Gironde
estuary is composed of three types of sedimentscobesive sediments, cohesive sediments
and sediment mixtures (cf. section 1.3.3). Previtarge scale morphodynamic models
assume purely non-cohesive sediments, either umif@hini & Villaret, 2007) or graded
(Villaret et al, 2012, Huybrechts et al., 2012b). This is thst fattempt to introduce cohesive
sediment behaviour in morphodynamic modelling.

However, since the dredging and disposal strafesgg 8§ 1.2.2), which affects the
morphological developments of the Gironde estumryiot accounted for in the model, and
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due to other simplifying assumptions made in the eh@deglect of wind, historical events,
extreme events), the objectives of this study laee testricted to:

1. Modelling morphodynamic development tendency indaetral part of the
Gironde estuary

2. Evaluating the consolidation effects in long-ternohesive sediment
transport modelling.

This chapter is organised as follows: we starteictisn 4.2 with a review of existing
sediment transport and morphodynamic models of&inende estuary. Two criteria will be
applied, the RMAE and BSS, to evaluate the modelracy, as detailed in section 4.3.
Section 4.4 presents the Telemac system and ther@Bdules Telemac-2D/Sisyphe which
will be applied. The large scale hydrodynamic moafethe Gironde estuary developed by
Huybrechtset al (2010) is presented in 4.5. The cohesive sedimmansport model is given
in section 4.6. In section 4.7, we discuss thebcatiion of the cohesive sediment transport
model results. The initialization of the bed stuetis considered an essential part in cohesive
sediment transport modelling as described in secti@ A sensitivity analysis of model
results on the various model parameters (erosipoAigon law, cohesive bed structure, and
consolidation effects) is also addressed at the anthhis section. The next two sections
present the model results. In section 4.9, theutatied suspended sediment concentrations are
compared with measurements. The next section 4téfepts the morphodynamic model
results including its calibration for the period9€@b-2000) and validation for the period
(2000-2005). A comparison with the non-cohesive phodynamic model developed by
Huybrechts et al. (2012a) is also given for thaebcation step. The limitations of the present
2DH approach are discussed in section 4.11 wherdrawe the lines for future development.

4.2 Review of existing sediment transport and morptdynamic models of

the Gironde estuary
Review on sediment transport models

In 1995, Li et al. (1995) developed a two dimenalorertical (2DV) model in which
the hydrodynamic, the sediment transport and theesantrusion are coupled. It simulated
the sediment transport and the formation and depilaat of turbidity maximum in the
Gironde estuary during a period of 5 days for diseatidal condition. The model used a “k-
L” turbulence model. The erosion and depositiondkiwere calculated using the formulae of
Partheniades and Krone and Einstein. The movenfeturioidity maximum was correctly
simulated. However this type of model (2DV) inducgsme disadvantages such as: the
difference on velocity on the cross section in vesge areas cannot be simulated; the
residual circulation in the horizontal plane canbet taken into account; the erosion and
deposition fluxes are not related to the natureth&f bed since in a 2DV model, the
topography of the bed is not account for.

In order to overcome the weaknesses of 2DV moddsmodels have been used.
Cancino and Neves (1999) developed and applied an88el of sediment transport of the
Gironde estuary to reproduce a situation obsermetl9b4 during a tidal cycle. The sigma
coordinate discretization was adopted. The sinudatof cohesive sediment transport
processes was performed solving the 3D-conservatdeection-diffusion equation.
Flocculation, erosion and deposition of sediments eepresented by using empirical
formulations. The simulation showed that the maxintunbidity zone is in agreement with
the known dynamics in the estuary.

In the same year, the model SIAM was used by Sciiiol (1999) for the 3D
modelisation of turbidity maximum over the Gironéstuary. In the vertical, the real
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coordinates were used. The validation of the maehly applied for hydrodynamic and for
only one station (at PK 45). However, the validatad salinity and turbidity model is absent.
The constant sediment parameters (critical shaassstfor erosion, deposition, erosion
parameter and settling velocity) were used fonthele domain.

Recently, Phan (2002) developed a 3D model (ECOMODIDof sediment transport to
simulate the exchange of sediment fluxes betweebdhdeand the water column. This model
was based on the work of Li et al. (1995). In timedel, they used the classical laws of
erosion and deposition (Krone & Partheniades), thedvelocity is calculated depending on
the concentration MES in order to distinguish tleedulation and hindered settling processes.

In order to represent the dynamic of turbidity maxm in the Gironde estuary, all of
these sediment transport models use cohesive seidimdowever, consolidation — a key
parameter in the transport of cohesive sedimelaicieed. Therefore, the application range of
these models is restricted to several days or adyade, in which the effect of consolidation
is not clearly observed

Review on non-cohesive morphodynamic models
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FIGURE 4.1 - Grid of the large scale model (a) and small scaldeh(b) (in Chini &
Villaret, 2007)

A 2DH morphodynamic model was previously developgdhini and Villaret (2007)
and Villaretet al (2010) for the central part of the estuary, ushegTelemac system. At that
time, without the use of parallel processors, teg Issue for long term evolution was to
reduce CPU time. Therefore, they used a smallde stadel restricted to a 40 km-long
section of the central part of the estuary (figdirgb), with a very refined grid of 20-250 m.
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An embedded model (figure 4.1a) strategy was chtisenpose the hydrodynamic boundary
conditions under schematic forcing conditions, &orsingle neap-spring tidal cycle and
constant mean flow rate. This method allowed toesesmputational time, but induced
additional uncertainties related to the treatmerthefooundary conditions.

Assuming a Strickler friction coefficient of 50f#s* and a uniform grain size of
0.210 mm, the resulted 1 year-bed evolution wagiplield by a factor 5 assuming a linear
extrapolation in order to obtain the 5-year bathlyrmoeevolution and model results were
compared against measurements in the period (1998)20However, this method
overestimated the bed evolution (Chini & Villar@07), since bathymetric evolution does
not show a constant rate of bed changes.

In general, the model reproduced qualitatively thigration of the Patiras bank, but
underestimated the deposition rate. Furthermoredepesition in the navigation channel was
not observed in the model results (Chini & Villar2d07).
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FIGURE 4.2 - 5 year - bed evolution in the central part & @ironde estuary (1995-2000) a)
Measured differential bathymetry; b) Non-cohesivedel (graded sediment, after Huybrechts
et al. 2012b)

A large scale morphodynamic model of the whole astwsing graded non-cohesive
sediment was developped by Huybrechbtsal. (2012b), using parallel processors. The
numerical domain was extended 30 - 40 km into testal zone (Fig. 4.3) in order to impose
accurately the tide on the maritime boundary. Tieisioved the uncertainties due to the
treatment of the boundary in the small scale modéle unstructured triangular mesh
comprised 22650 nodes (Huybrechtsl, 2012b).

This model will be developed for cohesive sedimand will be detailed in the
following sections.

Based on the observed granulometry along the Gerastluary (see section 1.3.3 and
1.4.3), the grain size distribution was schematiagdaissuming an initial uniform sediment
size for each morphological compartments (secti@).. The sediment size increased along
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the estuary, from silt g¢= 60 um) in the upper river part to a mixture of 50 %fioke sand
(dso= 21Qum) and 50 % of silt = 60um) in the central part and medium sang%d310
um) in the maritime part. The model was then initedl by running a year of pre-simulation
without bed evolution in order to determine theiahigrain size distribution.

The predicted bed evolution was compared with tyedr differential bathymetry, as
shown in Fig. 4.2. The erosion and deposition amgare qualitatively reproduced in the
model in comparison to measurements in the perd®@3-2000). However, quantitatively,
the deposition rates around the Patiras bank, tbmpeloup island and the Saint — Estephe
bank were over-estimated by roughly a factor Zhinnavigation channel (in the viccinity of
Pauillac), the model results showed a high erosaie whereas the measurements show
deposition.

Model development strategy

The morphodynamic 2DH model, developed in thisptéra assumes pure cohesive
sediments. This is the first attempt to account fwhesive sediment behaviourin
morphodynamic modelling in the Gironde estuary. Guarting point is large scale
hydrodynamic model developed and validated by Hegtuis et al. (2012a). We will compare
our results to the non-cohesive morphodynamic mddelHuybrechts et al., 2012b) for
graded sediments.

The multi-layer consolidation algorithm implementéd the sediment transport
module SISYPHE (cf Chapter 2) will be applied he8econdly, the erosion and deposition
parameters for the Gironde mud are calibrated uaimgcent measurement of erosion and
deposition (Chapter 3), knowing that these laboyaéxperiments were realised under well-
controlled conditions which differ from the reaiugition

4.3 Criteria to assess model accuracy

In order to evaluate the accuracy of the model imose quantitative way, two criteria
from the literature are selected: the Relative Maasolute Error “RMAE” and the Brier
Skill Score “BSS” (Sutherland et al., 2004a&b, \Rin et al., 2003). The first one (RMAE)
is classically applied for hydrodynamic (time-vany) model assessment, whereas the second
one is generally used for morphodynamic (spatiailatian) model assessment. The RMAE
and BSS are thus given by:

(- X|-ax)
RMAE=Y—— 1 (4.1)
(I
(- x-ax)’)
BSS=1- 5 4.2)
((B=x)’)
where X (X3, ...., X) iSs a set of observations the model predictionsdX is
measurement error arigla baseline prediction, which is the measured bedl lat the initial
condition. The mean value noted <> is defined {{y¢)) =%ZL|>§| .

Since all bathymetric surveys contain some errorsthe measurements, those
measurement errors should be accounted for. Agugrdo van Rijn et al., 2003, the
measurement errors afl = 0.1 m for wave heigh#V = 0.05 m.& for current velocity and
Az, = 0.1 m for bed level in field conditions and 0.62 for laboratory condition. The
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measurement error for both tidal flow and suspersltiment concentration could not be
found in the literature and are then considerdaktaero.

TABLE 4.1 - Qualification of error ranges of process pararsefvan Rijn et al., 2003)

Qualification Wave height  Tidal flow Velocity Morphology
RMAE RMAE RMAE BSS
Excellent <0.05 <0.20 <0.1 1.0-0.8
Good 0.05-0.1 0.2-04 0.1-0.3 0.8-0.6
Reasonable 0.1-0.2 0.4-0.7 0.3-0.5 0.6-0.3
Poor 0.2-0.3 0.7-1.0 0.5-0.7 0.3-0.0
Bad > 0.3 >1.0 > 0.7 <0

Discussion on BSS values

Evaluating the performance of morphodynamic modelan essential but difficult
part. The morphodynamic model often tends to preddiferent pattern/amplitude than
reality. In the past, this has usually been donectayparing predicted with observed bed
evolutions. Recently, the BSS which is commonlyduge meteorology has already been
applied to the modelling of coastal morphodynaniig®8rady & Sutherland (2001), van Rijn
et al., (2003), Sutherland et al. (2004b), Nguyemle (2010). However, almost all of the
mentioned authors obtained the negative BSS s&ely & Sutherland, 2001) or positive
but low values of BSS (Sutherland et al., 2004).

4.4 Presentation of the Telemac system
4.4.1 Presentation of the Telemac system

Our framework is the finite element TELEMAC systewhere the 2D approach is
selected as a good compromise between model agcarmaccomputational cost (Hervouet,
2007). TELEMAC-2D has been developed for the sotutof the two dimensional Saint-
Venant equations (Hervouet, 2007). The water dapththe velocity averaged on the vertical
are the main variables, but the transport of aipaseacer as well as turbulence can be taken
into consideration.

All modules of the Telemac system are based orructstred grids and finite-element
or finite volume algorithms. The method of charastes, kinetic schemes and others can be
applied to calculate the convective terms in themmiotum equation. The use of implicit
schemes enables relaxation of the CFL limitatiortiore steps (typically, values of Courant
numbers up to 10 or 50 are acceptable).

The uncovered beds and dry zones are classicalyen by limiting the value of the
water depth to a threshold. However, this methoduéed disadvantages related to the
conservation of mass and momentum. In TELEMAC, hewel methods are proposed. The
first option treats the free surface gradient inuacovered area as the bottom gradient and
creates parasitic driving terms. The second solutmrsists of removing all elements which
are not entirely wet from the calculation.

From release 6.1, TELEMAC can be run in paralldlisToptimisation allows to
reduce largely computational cost, which is higidivantageous.

4.4.2 Telemac-2D hydrodynamic model

The hydrodynamic is described by the 2D shallowewa&guations of Saint-Venant
(depth-integrated) written below in non-conservatmen. The system of equations consists
of the continuity equation (4.3) and momentum eignat4.4)
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0,h+0.hU= 0 (4.3)

whereh is water depth, which is equalZg-n (m), Z; ands are the bottom elevation and free
surface respectively.

U the depth-integrated velocity vector (Ms
atU +(U DD)U: -8t %AU hd %pwcd HOH U (4.4)

whereg is the gravity acceleration (rf)s
( is the free surface (m)
Ow the water density (kg. /)
v the eddy diffusivity (m2.3)
G the quadratic friction coefficient (-)
4h the gradient of water depth (m)

The above Saint-Venant equations are obtained Ipghdetegrating the full 3D
Navier-Stokes equations, considering the follonasgumptions:

* The fluid is Newtonian.
* The fluid is incompressible.

* The long wave approximation is adopted, and theeefthe pressure is assumed
hydrostatic.

* The impermeability of both free surface and bottemassumed, which means
there is no transfer of water either through thédmotor from the surface

In equation (4.4) the Coriolis force is neglectadcomparison to the advection term
since the Rossby number, defined by the ratio efativection term to the Coriolis force is
less than 1 (Chini & Villaret, 2007).

Moreover, the effects of wind, atmospheric pressum@ wind waves are not included
in the present model. The effects of storm evestsrédme winds, wind-induced waves, and
atmospheric pressure) are thus currently negleotedoth hydrodynamics and sediment
transport. For example, the storm of December 188&ch caused huge damages and
flooding to the estuary in general and to the rarcfwer plant in particular is not simulated
in our model.

4.4.3 Numerical scheme

Finite element schemes are advantageous than @iffexence ones since the latter
method is constrainted by the use of boundarydfitterthogonal curvilinear horizontal
cooridinate systems, sigma stretched vertical coatds) which are only suitable for
simplified geometry (Villaret et al. 2011).

TELEMAC-2D uses the finite element method in whiblk solution is calculated at a
number of nodes for triangular unstructured gritie Time discretisation of the governing
system of equations (4.3, 4.4) is semi-implicit,sthmasulting in a system 8N simultaneous
algebraic equations to be solved at each time stephich N being the number of nodes in
the domain. This system is solved by conjugateigradike iterative techniques (GMRES).
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Although in TELEMAC-2D, the formulation of equati®ris non-conservative (the
main variable is the velocity, not the dischargtje discretisation ensures the exact
conservation of the water body. In the equationsmomentum, the hyperbolic part (advection
term) can be treated using different numerical s such as the method of characteristics,
SUPG method, or kinetic schemes (PSI or N scherhiesg, the selected type of advection is
characteristics on velocities and conservation plodified S.U.P.G on depth.

TELEMAC-2D offers two radically different optionsoff treating tidal flats (see
Hervouet, 2007). The first consists of treatingnthitegrally and in the entire domain, by
correcting the term which are rendered obvioudlyefdecause of the absence of water, as for
example the gradient of the free surface. In an ssgoarea, this gradient becomes the
gradient of the bottom and creates parasitic drivtergns. The second option consists of
removing from the calculations all the elementsclhare not entirely wet. Here, the first
option is applied.

4.4.4 Telemac-2D/Sisyphe internal coupling

The 2D morphodynamic SISYPHE model can be inteynadiupled to TELEMAC-
2D. At each instant, the calculated bed frictionl @t relevant hydrodynamic variables by
hydrodynamic model are sent to sediment transpodeiwhich calculate the transport rate
(bed load and suspended load) and send back todwtrmic model in order to update the
bathymetry.

The bed shear stress is the most important hydeodyn parameter regarding
sediment transport applications. When the curnetittéed bed shear stress is greater than the
critical shear stress for erosion, cohesive sedinpamticles start to be stirred up and
transported as suspended load. The suspendedsloafined as the depth- integrated flux of
sediment concentration, from the bottom up to the surface.

The bed shear stress exerted by the current asettimment bed is expressed according
to a quadratic friction law:

T :% 0,CU?  (kgm*. §?) (4.5)

wherep, is the density of the liquid (kg

G is the quadratic friction coefficient (-)

U is the depth-averaged velocity (Ms

The coefficientC4can be expressed by the use of a Strickler coeffici

2
Cd :SZ—?}/?’ (46)

whereS§ is the Strickler coefficient (H'f’s‘l)

g is the gravity acceleration (s

his the water depth (m)

Different options are programed in SISYPHE to pcedhe total bed roughness. For
waves and combined waves and currents, ripple diorensre calculated as a function of
wave parameters following the method of Wiberg Biadris (1994) (in Villaret et al., 2011).
For currents only, the Van Rijn (2007) predictos leen implemented (cf. Huybrechts et al.,
2010). The total bed roughness can be decomposedaimgrain roughness, a small-scale
ripple roughness, a mega-ripple and a dune roughnes
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4.4.5 Sediment transport model

Non-cohesive sediments, consisting of sand, areactaeised by their diameter and
exhibit stable properties in time, while cohesiegliments, consisting of mud, silt and clay,
are subject to consolidation and obey differenslafvtransport, erosion and deposition.

For non-cohesive sediment, the SISYPHE model calesl sand transport rates
including both bed-load and suspended load. Theldsadlis estimated by using a semi-
empirical formula (e.g. Meyer-Peter Muller) whergags suspended load is calculated by
solving an additional transport equation for the@tdeaveraged sediment concentration. The
erosion and deposition fluxes, which enter bothERkaeer equation and the suspended load
transport equation, are expressed as a functiam eiquilibrium concentration (cf. SISYPHE
release 6.1 user manual, Villaret, 2010).

Cohesive sediments are transported only in susper(sio bedload), such that the
Exner equation for the bed evolution is no-longaved. The bed evolution is obtained as a
mass balance between the erosion and depositio@sfluwhich are calculated through
specific erosion/deposition properties (namelyKinene and Partheniades erosion/deposition
laws: the erosion flux needs specific treatmenonder to correctly account for the vertical
increase in the bed shear strength as the becgeisd (User manual SISYPHE release 6.2,
cf. Villaret and Van, 2012).

The effect of flocculation is not yet physicallypresented, a higher settling velocity
parameter can be specified (order of magnitudetgrehan the individual particle settling
velocity). The model presents different optionsrépresent the effect of consolidation (cf.
chapter 2).

The sand/mud mixture can be modelled in SISYPHEdfning two classes of non-
cohesive and cohesive respectively. The verticalcgire is similar to pure mud case,
discretising into vertical layers. Each layer isuccterised by a constant value of the mass
concentration for the mud.

4.5 Large scale hydrodynamic model of the Girondestuary

The computational domain, mesh and hydrodynamic made the same as in
Huybrechtset al. (2012b). The Telemac-2d hydrodynamic model has ldibrated and
validated using measurements of water level and flelscities (Huybrechtst al., 2012a).
One advantage of the model is that it also includesealistic representation of the
hydrodynamic forcing, including seasonal variatiomghe river flow rates. It is also fully
predictive, since the tidal signal along the mar#tiboundary is reconstructed from the 46
tidal components.

4.5.1 Numerical domain

The computational domain and the numerical meshsated from Huybrechtst al.
(2012a, b). The domain extends from the Bay of 8iso La Reole and Pessac, considered
as the limit of the tidal influence in the tributs. From the mouth of the estuary to the
central part, the grid is refined progressively. Th# lengths range from 50 m in the refined
central part and up to 2 km in the maritime boupd&iong the estuary, several areas are
refined in order to better represent the hydrodyndorcing. Near the entrance, the denser
meshes were created near Verdon and in the nawigahiannel (Fig. 4.3). The mesh size
here is 100 m. Upstream of Verdon, the mesh siZ®@sm except in the navigation channel
where the mesh is refined to 200 m. The densedteseme found downstream of the Patiras
island, which have the size of 50 — 75 m (Fig. 433hall islands, such as Trompeloup, Pate,
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and Margot, which were neglected in the model ohC& Villaret (2007), were added in the
new bathymetry (Huybrech&s al, 2012a).

The numerical domain has been also extended ietodhstal zone (30~40 km from
Verdon station) by Huybrechts et al. (2012a) ineortd impose the tide elevation in deep
water. The tidal components are issued from a ¢loteanic model (Lyard et al., 2006, cited
in Huybrechts et al., 2012a).
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FIGURE 4.3 - Grid of morphodynamic model and zones of refiged

The bathymetry of the large area dated before 1988.latest complete survey of the
estuary was in 1995. The recent bathymetric datanig available for the central area.
Therefore, in this study, only the bathymetry oé ttentral part, from KP 30 to KP 60 is
updated. The 1995 bathymetry is used in the monghendic calibration test (1995-2000),
and the 2000 bathymetry is used for the validat#sh (2000-2005). For the validation test on
depth-averaged suspended concentration of 200200 bathymetry is used.

4.5.2 Initial and boundary conditions

The initial condition is obtained by running thedngdynamic model for 2 days (4
tides), knowing that the starting point is a constiiee surface of 1.9 m over the whole
estuary.

Flow discharges are imposed at the upstream boyratad the tide height at the
maritime downstream boundary for the hydrodynamizaly variations of river discharges
from January ¥ 1995 to December 312000 (for the calibration test) and from Januaty 1
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2000 to December 812005 (for the validation step) are imposed at hpstream boundaries

for the Garonne and Dordogne rivers.
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As observed in Fig. 4.4, the river discharges dutivegformer period (1995-2000) are

FIGURE 4.4 - Evolution of river discharge for both DordogmelaGaronne between 1995-
higher than the latter period (2000-2005). Theltatanual mean discharge is of the order of

2000 (upper) and between 2000-2005 (lower)
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1000 ni.s. The minimum river discharge is about 16®00 nf.s* during periods of low

flow (July to September). The maximum river disgfgacan attain 4500 hs™ in January.

The tidal range is imposed along the maritime bor@nce water levels are not
measured along the maritime boundary, the prediitied amplitudes and phases are then
used to calculate the tidal signal. The tidal heightomposed of 46 harmonic waves (cf.
Huybrechts et al., 2012a), following the methodSahon (2007), cited in Huybrechts et al.,
2012a. This method predicts the tide by a harma@composition (Darwin, 1883, in
Huybrechts et al., 2012a). Different long term hamma components are annugl, monthly
Xm, diurnalXy, semi-diurnal X%, quarter day,...

h=h+Y H, fcodo,t-g,+V,+u] (4.7)

The second term on the right side represents ti@itaate of the tide. For harmonic
waven:

H, is the amplitude

on is the wave frequency

On is the phase shift

f, is the nodal factor, correction of the amplitude
U, is the nodal angle, correction of the phase

V, is the phase

The values of the amplitudd,, and the phaseg, can be obtained from the tide
numerical model (global or oceanic extension). Bor extended numerical domain, the
harmonic constants of 46 tidal waves (mean ammitadd mean phase lag) are extracted
from the oceanic model TUGO of Legos (cf. Huybrec#tt al., 2010). Other ternas, fn, U,

V, are calculated according to the method given by&ehan (1958) as cited in Huybrechts,
2010.

4.5.3 Physical & numerical parameters

Bed shear stress

Friction coefficients were calibrated and validated comparison with water levels
and velocities measurement in August 2006 and aut@@09 surveys (Huybrechts et al.,
2012). Four zones of constant Strickler coefficiemete definedthe maritime zonéncludes
the Bay of Biscay and the moutie central partirom KP 20 to KP 80the Garonneriver
and the Dordogne riveiThe calibration of the friction coefficient wasatized zone by zone.

The calibration procedure was based on the bechressg predictor method, proposed
by Van Rijn (2007). The predicted bed roughnesgayeded into Strickler, ensures that the
selected set of Stricler coefficients is physicallgsed. The predicted set of Strickler
coefficients were then adjusted by trial and errogrder to get the best fit set of coefficients.
This calibration procedure is explained in Villaettal. (2010). Figure 4.5 below presents the
four zones of calibrated Strickler coefficient:

In the maritime area, since the bed is composesaind on which dunes can develop,
the Strickler value is decreased to 37 % st

In the central part, a Strickler coefficient of 5#n*3.s* wasselected, to account for
the presence of cohesive sediments.
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The original values of the Strickler coefficient tre fluvial parts (cf. Denot et al.,
2000) were unchanged, with 70"fs? for the Garonne river and the 60"As* Dordogne
river, since our interest is mainly focused on ¢katral part of the estuary. Figure 4.5 below
presents the four zones of calibrated Strickleffaent.

Strickler coefficient
(m13,s1)

375

67.5

70.0

60.0

JHEN

P4

, P04 p1
Pavuillac» @

J

Bordeaux

FIGURE 4.5 - Distribution of calibrated Strickler coefficierand locations of water level
and velocity stations used for calibration anddesiion steps

Time step
TELEMAC-2D offers unconditionally stable semi-imgti solution methods.

However, it is recommended to adopt a time step sat the Courant number is not larger
than 3 in general. Hence, the selected time stegual to 60 s.

The Courant number is maximum where the grid istmefined (i.e. downstream of
the Patiras island, in the navigation channel, lvictv the grid size ranges from 50/5 m).

In order to calibrate the time step, based on étected grid, the Courant number at a
selected point in the navigation channel is plotgdinst time as seen in Fig. 4.6. Figure 4.6
shows that the Courant number ranges between QLanhdwvhich is much lower than the
recommended value of 3. Therefore, the model isidened stable using a time step of 60 s.
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FIGURE 4.6 — Time varying Courant number for a time step étué0 s

Turbulence

The horizontal turbulence is represented by a eondiffusion coefficient, and is

selected equal to 1 m#as the default value

4.5.4 Calibration and validation results of hydrodyhamic model

a) b) + measurement at Paulliac == calibrated
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FIGURE 4.7 - Calibrated results for neap event of August 2@86 corresponds to August

1°'0h UT). a) Water level at Verdon; b) Water leaePauil
Huybrechts et al., 2012a)
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The hydrodynamic model has been validated by Hwjtiseet al. (2012a). Figures 4.7
and 4.8 present the comparison between the meaandedalculated water level and velocity
at four stations along the Gironde estuary (Verdeaillac, R, P;). The position of these
stations are presented in 8 1.3.1, and are point&dg 4.6. Figure 4.7 gives the calibration
results for a neap tide, while figure 4.8 gives vhédation results for a spring tide. Both two
figures show good agreement between measured andatad values.

In order to evaluate the accuracy of the hydrodyoanmodel in a more quantitative
way, within this study, the RMAE ratios for watewel and velocity are calculated based on
the results in Fig 4.7 and 4.8 and are shown inleTd2. Comparing with Table 4.1, all
RMAE values are qualified as ‘Excellent’. This me&mat the accuracy of the hydrodynamic
model is very good, or the difference between tleasared and model water level is less than
10 cm (cf. Huybrechts et al., 2010). The hydrodyrwamodel can then be used for the
sediment transport modelling purpose.
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FIGURE 4.8 - Validation results for spring event of Octobef2(t=0 corresponds to
October &' at Oh UT). a) Water level at Verdon; b) VelocityPa (in Huybrechts et al.,

2012a)
TABLE 4.2 - Values of RMAE for the water level and veloditycalibration and validation
simulations
Water level Velocity
Station Verdon Pauillac P1 P4
Calibration 0.05 0.08 0.02
Validation 0.04 0.08 0.02

4.6 Cohesive sediment transport model
4.6.1 Multi-layer consolidation algorithm

A multi-layer consolidation algorithm is used (Mbd&presented in chapter 2). This
model has been validated by the use of a RX-sgttiolumn where sedimentation and
consolidation tests have been performed (cf. ChhateThis model has been selected for
morphodynamic applications for the following reasdhisPhysical basis; 2) Data for closure
equations (cf. chapter 2); and 3) Simplicity anduaiacy.
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The advantage of this representation is that thedf sedimentation and consolidation
iIs based on the Gibson theory. If there is erostbs, thickness of the uppermost layer
decreases, and vice versa, when there is depqsitiooreases.

We use in this application 10 sediment layers, fikbd concentrations ranging from
100 g/l to 550 g/l (witlAC = 50 g/l). The initial thickness of each layespecified in order to
represent a total bed thickness of 5 m (see Higp4for the initialization).

4.6.2 Initial & boundary conditions
The averaged suspended concentration is set tgeato as initial condition for the
pre-run simulation.

For boundary conditions, concentrations need tegeeified along both the upstream
Dordogne and Garonne boundaries and the maritimedaoy. In our study, we assumed zero
sediment flux along the maritime boundary and oth bivers inlet. The specified fluxes are
unknown, but the boundary limit is assumed to hawénfluence on the results in the center
part where we focus our interest.

4.7 Calibration of erosion/deposition parameters

The calibration of erosion/deposition parametersaiglifficult task because these
parameters depend on the type of mud, its condemtrand its composition. The erosion-
deposition parameters in SISYPHE include the aifitishear stress for erosione, the
erosion parametévl, the critical velocity for deposition g and the settling velocitys.

In chapter 3, new erosion-deposition experimentshenGironde mud are simulated
using SISYPHE. The erosion/deposition parameterglwkvere determined from model
calibration are in the same order of magnitude \pittvious studies (eg. Bonnefille et al.,
1971, Migniot & Bellessort, 1970, Eisenbeis & Rqg@011). However, we need to
emphasize that the objective of chapter 3 was toostrate the ability of the numerical
model to handle physical processes involved in siwke sediment transport. All the
simulations were set-up with well-controlled laktorg conditions which are different from
in-situ conditions.

Differences between laboratory and in-situ condgioare well understood, in
particular for cohesive sediments. In the fieldyveomplex interactions between biology and
physico-chemistry could strongly affect the transgmarameters. On one hand, flocculation
state can affect not only the settling propertigsatgo the consolidation process. On the other
hand, biological activities such as bio-depositidmip-stabilisation, bio-destabilisation
(Chapter 10, Winterwerp & Van Kesteren, 2004) casigmificant seasonal variations in
sediment properties, such as deposition rates ranaibdity.

Indeed, it is commonly accepted that the erodahilitthe tidal mud flats is strongly
influenced by physical, biological and chemical gmaeters. However, the treatment of
sediments in laboratories such as mixing procemsioving vegetal debris (Eisenbeis &
Roger, 2011) reduces the cohesion between partidiesiges the structure of the sediment
bed.

Therefore, although the calibration of erosion degosition parameters based on the
experimental results shown in chapter 3 are satmfy, it is necessary to adapt these values
before applying our model to field conditions.

This part is dedicated to the calibration of erosieposition parameters for
morphodynamic modelling. First, the calibrated sétparameters based on laboratory
experiments (cf chapter 3) will be used as a sigpioint (Test 0 in Table 4.3). Preliminary
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results show large scatter in comparison with fn-seasurements and further calibration is
therefore needed before applying the model totuneanditions.

Figure 4.9 gives the schematic view of the modebed structure. The bed is
comprised of 10 layers of concentration increagirggressively from 100 g/l to 550 g/l. Each
layer is characterized by a critical shear stressefosion and an erosion parameter issued
from the given equations in figure 4.9. Since ntada available for the critical shear stress
for deposition, it is fixed for the whole domaim thapter 3, the settling velocity was
calibrated as a function of depth-averaged suspesddiment concentration. However, it
applies only for laboratory condition where the sseht bed is 4 cm. In-situ, averaging the
sediment concentration along the water column @se sharply the depth-averaged value.
Therefore, in the Gironde model, the settling vityois also kept constant.

r,=15 (N/m) z,

W.=0.0017 (m/s)

Z

T

FIGURE 4.9 - Schematic modelled bed structure with appliegien-deposition parameters
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FIGURE 4.10- Water depth, velocity, bottom shear stress apthdaveraged concentration
at Pauillac (KP 47, see Fig. 1.1) during a spriegmtidal cycle

Figure 4.10 presents the bottom shear stress, wapth, velocity and depth-averaged
concentration at Pauillac during a spring-neap tigiale using the calibrated set of erosion —
deposition parameters presented in fig. 4.9.

4 .8 Initialisation of sediment bed structure

One of the difficulties in sediment transport mdidgl is the sensitivity of model
results to sediment parameters and bed compositlast of those parameters are poorly
defined because of the high inhomogeneity in tlonsent bed composition. In particular, the
bed structure in the estuary is generally unknowdeed, during the field campaign at the
central part of the Gironde estuary (Boucher, 20@®%ee sediment cores were sampled in
order to investigate the near-bed sediment strecftiie sampling tube is 1 m long).
Laboratory results show a homogeneous pure mudtsteuin one core while the two other
cores present thin layers of sand (see 81.4.4 sfstiidy). The concentration of the core of
pure cohesive sediment gives a value of almost7B&0 g/l. This high value is interpreted as
being due to a long stacking duration of materefbbe the analysis. According to Pham Van
Bang(personal communication), an increase in tmeaatration of sediment of order of 100
g/l can be attained for a stacking duration of ssvemonths, which is our case. Therefore, in
our model, the concentration of the most-consadddayer is selected equal to 550 g/I.
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According to Toorman (1992), for concentrationssléban 50 g/l, the physical
properties of the suspension do not differ sigatfity from that of water and the fluid/mud
mixture can be considered as a Newtonian fluidh&ntransition range (from 50 to 100g/l),
the fluid mud layer behaves as a non-Newtoniandfluiith visco-plastic rheological
behaviour (cf. Toorman, 1992). However, since thalization process is not accounted for
in our model, the limit between the suspension iclened as Newtonian fluid, and the bed
over-topping layer is fixed arbitrarily at 100gA. sensitivity analysis on this value will be
presented in section 4.8.3.

In order to initialise the sediment transport modee assume two uniform bed
structures for the maritime area and the estuany,let the model run without bed evolution
for a period of time and calculate transport rated bed composition. This method has been
also implemented by Waeles (2005) and Huybrechtd. £{2012b). The final result for the
bed composition of this pre-simulation (one yearour study) is then used as initial
conditions for the morphodynamic simulation.

4.8.1 Measurement of the bed structure in the Girotle estuary

According to Migniot (1984), there is always a ceniation gradient between the
surface and the bottom in a deposit, mud remaind @n the surface and concentrated at the
bottom. Depending on the nature and the size dicpes, the physico-chemistry and biology
of the aqueous medium, the excess pressure, tghthdithe deposits, the concentration of
sediment in a deposit can vary from one to another.

For estuarine mud (Loire, Gironde, Mahury,...) conaion does not exceed 300 to
350 g/l after several days of settling, the conedian at the surface of the deposit remains
very low (100-150 g/l). Figure 4.11 is an example@onceptual concentration gradient for
estuarine mud which was proposed by Migniot (1984).

Based on the concentration gradient proposed byiwtig1984), the bed structure is
schematized as shown in figure 4.11b. The tot&hirbed thickness is assumed to be equal to
5 m, and represented by 10 layers of concentratoying from 100 g/l (fluid mud) to 550 g/l
(consolidated mud). The thickness of each layescleematised based on the concentration
gradient of Migniot (1984).

a) b) C,=1000/l H=0.25m
,=1500/l H=0.25m
Flui Turbid zone C3=2009g/l H=0.50m
. | ‘Uld muq | |
05 100 200 300 400 500 600 C,=2509g/ H=1.0m
1 Consolidating mud
g™ C;=300¢g/l H=1.0m
N 24
-2,5

3 — . I Consolidated bed

C@n

FIGURE 4.11 - a) Example of a conceptual concentration grdadiea deposit for estuarine
mud (redrawn from Migniot, 1984) & b) Modelled bedusture at the initial condition
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Furthermore, during regular bathymetric survey o G1.B (2002), vertical density
profiles are also measured in order to clarify aachplete bathymetric data. Density profiles
are measured by Gamma-ray probes. The possibflitysing these probes in-situ allows a
rapid and complete knowledge of the density of rdegosits. Figure 4.12 gives an example
of the measured vertical concentration profileshat navigation channel using the acoustic
sonar.

Profondeur

,, \\
|}

\.__\.-‘
5 : : | Goncentration
400

100 200 300 500 g/l

FIGURE 4.12- Measured vertical concentration profiles from Gaerray probes (in
G.P.M.B, 2002)

It is observed that:

* The first echo corresponds to the roof of the depesh a concentration of
about 60 g/l. Above this level, from —6 m to —6.6isnthe water of highly
suspended concentration (C = 10 - 50 g/l).

* The second echo at —7.3 m is marked by a highti@riaf concentration

* The third echo corresponds to “hard bed” represebte consolidated mud
which the concentration of the order of 600 g/I.

The structure presented in Fig. 4.12 is not sefeatethe initial condition of the bed
structure because it is not representative fordsteiary where a lot of deposit is found.
Indeed, the measurement was perfomed in the nawsigahannel, where currents are very
strong, and the bed is mostly hard consolidatedrssd (Fig 4.12).

The calibrated erosion and deposition parametegs N1, 7.q Ws) in previous section
(8 4.6) are applied in the initialization of the nebd

In order to validate the calculated bed structthie,computed vertical concentration
profile at one point in the navigation channel vioed compared against the measured profile
(figure 4.12) in a qualitative way. This comparigsmpresented at the end of section 4.8.2.

4.8.2 Bed structure initialisation
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In this section, the result of bed structure itigetion is dicussed. The values of
erosion and deposition parameters are presentedyit.9. The initial condition is given in
Fig. 4.11b. It is worth noting that in the pre-rtime mass is not conservative since the erosion
and deposision areas are formed without the cdlonlaf the bed evolution.

2 km

0.25m

S

FIGURE 4.13 - Initial thickness of the bottom layer for theegimulation (maritime part: 5
m = total sediment bed thickness; estuary: 0.25 m

As represented in table 1.3, figure 1.13, figure6l(¢hapter 1), the bed material
distribution in the Gironde estuary is a mixturdween sand particles in the maritime part,
mud and sand-mud mixture in the central part. treoto initialize the model for the pre-run
simulation, we roughly divide the model into tworfsa a maritime part (in red) and an
estuarine part (in blue) (fig. 4.13).

Inside the estuary, 10 layers of cohesive sedisnemé set up with increasing
concentrations from 100 g/l at the first top lay@550 g/l at the bottom layer (as shown on
Fig. 4.11b). At the mouth of the estuary, cohesi®diments are not observed. Therefore, a 5
m-layer of consolidated sediment (layer 10 of 58Dig assumed in order to stabilize the bed
in the maritime part.

The results of the pre-simulation for the bed stirecare then produced after different
periods of time (from one month up to three -,-sigight -, ten months, one year) in order to
verify if the bed structure attains a quasi-equilim state meaning that the thickness of the
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bed layers does not vary with time. In this isorgicmulti-layer model, the concentrations of
the layers are fixed, but top layers may get elyteeoded.

Point,

Bathymetry (m IGN69)
-1.5
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-7.5 .
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-10.5 —3
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FIGURE 4.14 - Evolution of concentration profiles at threermisi point 1 downstream of
Patiras island, point 2 in the navigation chanpeint 3 in the median channel

In order to determine the minimum duration of the-pim simulation, the time -
evolution of the vertical concentration profilesdsplayed in Figure 4.14 at three points:
Point 1 at the Patiras bank, Point 2 in the naiogathannel, and Point 3 in the median
channel. It is observed that the concentrationilefit Point 2 and Point 3 in the channels
evolve inversely to the concentration profiles atnP 1. While at Point 1, after one-year of
pre-simulation, and the attained concentratiorheftop layer is about 250 g/l (corresponds to
layer N°3), at Point 2 (in the navigation chanrtbl concentration of the top layer is much
higher (400 g/l - layer N°5) than at Point 1. At ®d8, the concentration of the top layer also
increases up to 300 g/l (layer N° 4).

A good agreement is observed when comparing tleelleddd concentration profile at
Point 2 at the end of the 1-year of pre-simulatidth the measured concentration profile in
figure 4.12. The total thicknesses of both profilasee approximately 2 m, and the
concentration ranges from 400 g/l to 550 g/I. Omalsdifference between these two profiles
is the observed fluid mud layer (10-50 g/l) at sheface of the deposit in figure 4.12, which
cannot be observed in the model since the bed otnatien starts from 100 g/l.
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FIGURE 4.15 - Resulting map of the bed layer 4 (C = 250 gilj the bed layer 6 (C = 350
g/l) at the end of 1-year simulation a) Layer 4rave whole estuary; b) Layer 4 in the central
area; c) Layer 6 in the central area.

Regarding the sediment bed composition, at the and-year simulation, in the
central part, three top layers (which correspond@docentration of 100, 150 and 200 g/l)
disappear, while at the mouth of the estuary, hinekhesses of the sediment bed layers keep
constant (= O for layers 1-9, =5 m for layer 10).

Inside the estuary, the sediment bed is composedepbsition and erosion zones,
which are represented by the increase or decreapeatively of layer thicknesses in different
zones (figure 4.15). For example, in zones of diegherth of Patiras island, tidal flats) the
thickness of the top layer increases (layer 4= Z50 g/l) and the bed is covered of soft mud,
while in the navigation channel and in the Saineoogannel, where currents are stronger, the
top layers are eroded and the sediment bed is wiadensolidated mud {5layer becomes
the topmost layer: Cs= 350 g/l). This result is paned against the measured bathymetry in
order to have a qualitative sediment bed distrdyuti

In conclusion, for morphodynamic simulations, aniatization period of one-year is
sufficient in order to attain a quasi-equilibriumdbsructure.

4.8.3 Sensitivity analysis on erosion/deposition pameters

The “best-fit” set of erosion-deposition parametpraesented in Fig. 4.9 is obtained
through a sensitivity test. This test consistsealizing the 10 simulations listed in Table 4.3:
For each simulation, only one parameter is vareghrding the reference test (Test 0). The
reference simulation (Test 0) corresponds to thefsparameters issued from the laboratory
experiments simulation (cf. Chapter 3).

All simulation runs are performed for 1 year stagtifrom the same initial state as
schematized in Fig. 4.11b. The model results (tmeentration of the topmost layer and the
profile) are compared in a qualitative way with tineasurement (eg. Fig 4.12). The most
sensitive parameter is the critical erosion velgcwhich reflects the erodability of the
sediment bed.
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TABLE 4.3 — Applied range of parameters in the sensitivitglgsis on erosion — deposition
parameters( is the mass concentration of the bed layer, imRy/

Simulation Ue (CM/S) M (kg/m2/s) Ta(N.m?) W (mm/s)
Test 0 (Chapter 3) 7.5x10°xC 0.55xC2 0.3 1.78
Test uel 2x75x10°xC  0.55xC? 0.3 1.78
Test ue2 3x7.5x10°xC  0.55xC3 0.3 1.78
Test ue3 3.5x 7.5x 10° xC 0.55xC?® 0.3 1.78
Test ued 4x75%x10°xC  0.55xC? 0.3 1.78
Testudl 3.5x 7.5x 10° xC  0.55xC? 0.5 1.78
Test ud2 3.5x 7.5x 10° xC 0.55xC?® 1.0 1.78
Test ud3 3.5x 7.5x 10° xC 0.55xC?® 15 1.78
Test ud4 3.5x 7.5 10° xC  0.55xC? 2.0 1.78
Test wsl 3.5x 7.5x 10° xC 0.55xC?® 15 2.50
Test ws2 3.5x 7.5x 10° xC  0.55xC? 1.5 3.50

4.8.3.1 Critical erosion velocityie )

Regarding erosion parameters, since the criticalrséteess for erosion is a function of
the degree of compaction of the sediments, whichush lower in laboratory conditions than
in the field, it is justified to increase the caéibed value of the critical shear stress for erosio
obtained in chapter 3. Different values (2, 3, 3abd 4) are multiplied to the calibrated
function obtained in chapter 3. While a factor abr23 still gives much erosion in the whole
estuary (the topmost layer is around 350-400 ti§,sediment bed is not much evolved with

a factor of 4. Therefore, a function for the catizelocity for erosion of 3567.5x10° xC is
considered satisfactory.
4.8.3.2 Critical shear stress for depositiagy X

In 2DH models, the value of deposition parametees/ lne much higher than the
measured one. This is due to the calculation obsigpn flux in 2DH models is based on
depth-averaged concentrations, but not the corat@nrof the sediment near the bed.

By trial and error, different values of criticalesdr stress for depositiom{ = 0.7, 1.0,
1.5, 2.0) are tested. And the selected value iNIn%, which gives the critical velocity for
erosion equal to 3.87 cm/s.

4.8.3.3 Settling velocityWk)

Three values of settling velocity are tested. Ting fvalue W = 1.77 mm/s) is the
calibrated settling velocity during the settlingwain test (chapter 2). The highest vallg €
3.5 mm/s) is the calibrated maximum velocity durithg settling test in Owen tubes in
chapter 3. The value of 2.5 mm/s is selected asavieeage of the two above values. The
results do not show much impact on the bed evolufidwe first value is then retained for
morphodynamic simulation.
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4.8.3.4 Erosion coefficieni)

The erosion coefficient, however, depends on the physico-chemical charsints
of bottom sediments. Because these properties avdypknown, this parameter is kept
unchanged.

4.8.4 Sensitivity analysis on concentration of topast layer

Another model is set up with 10 layers of sedimaiasting from 60 g/l at the top first
layer (measurement value from G.P.M.B, 2002) uB&D g/l at the bottom layer. The
resulting bed structure after 1-year simulatioexsactly the same as the one in figure 4.14.
This means that in our model, the concentratiotheffirst layer is not a sensitive parameter
to the model’s result.

4 .8.5 Effect of consolidation

In order to evaluate the effect of consolidatioe, @@mpare here two simulations: one
with the consolidation module, and the other onghout consolidation. The objective is to
compare the 1-year bed evolution calculated by botuels. The bed structure is built
consisting of 10 layers from 100 g/l up to 550 Ghe adopted pre-simulation is the same for
the two simulations.

The calibrated erosion and deposition parametegs N1, 7.q Ws) in previous section
(8 4.7) are applied in these simulations. Theahibed structure is obtained from section 8
4.7. The model is run for 1 year to record the é&ealution.

Model results are presented in figure 4.16 for boibdels with (CS) and without
consolidation (NCS). Figure 4.16a gives the bedwam of the CS-model, and figure 4.16b
presents the bed evolution of the NCS-model. lbhserved that these two models give
opposite results in terms of erosion and deposti@as. Indeed, downstream of the Patiras
island, while the CS-model produces deposition altvey Patiras bank (from 0.4 to 0.6
m/year), except for a small area closed to therd&atsland, the NCS-model gives deposition
only in this area (about 0.8 m). Similarly, dowesim of the Trompeloup island, while
deposition is observed in the CS-model as welhake measurement, the NCS-model tends
to give erosion. This can be explained that withitvet consolidation model, the sediment is
not transported in the vertical direction withire ttleposit. The sediment is then cumulated on
the uppermost layer whenever deposition occurserlat the period of erosion, because the
sediment is not consolidated, all the recently-dépdssediment is supposed to be eroded
easily. Therefore, both erosion and depositionkitiésses are over-estimated without the
consolidation model.
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FIGURE 4.16 — Modelled 1-year bed evolution: a) With consdiioia (CS-model); b)
Without consolidation (NCS-model). The initial bslucture is the same in both models.

These results confirm the necessity of consolidatimodel (CS-model) in cohesive
sediment transport modelling, not only for the ialisation (pre-simultation) of the bed
structure, but also for the long term morphodynamaxielling.

4.9 Validation on depth-averaged suspended conceation measurements

For the two selected events in August 2007 (sptichey 01/08/2007-04/08/2007 and
neap tide 07/08/2007-10/08/2007), measurementsatdnievels are available at the mouth of
the estuary (Verdon station) and in the centralt gRauillac station). Depth-averaged
suspended sediment concentrations are also awadaBlauillac station.

Using the set of calibrated erosion/depostion patars as explained in previous
paragraph, the calculated water level and condgmtrare compared against measurements.
Differences between computed and measured watelslave lower than 10 cm which leads
to RMAE within 0.09 to 0.15 (Table 4.4). These \edicorrespond to “Excellent” agreement
between measured and model results. This confinmst¢curacy of the hydrodynamic model
(cf. Huybrechts et al., 2012a).
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FIGURE 4.17 - Time evolution of water level & depth-averagedpareded concentration at
Pauillac. a) & c) Spring tide (t=0 corresponds tagAst 1st Oh TU 2007) ;b) & d) Neap tide
(t=0 corresponds to August' Dh TU 2007)

TABLE 4.4 - Values of RMAE for the water level and the camtcations in suspension (neap
and spring events of August 2007)

Criteria RMAE RMAE RMAE
Event H at Verdon H at Pauillac SSC at Pauillac
Spring tide 0.12 0.15 0.44
Neap tide 0.09 0.10 0.67

Time-varying concentrations calculated at the Pawistation are shown in Fig 4.17
The model overall tends to underestimate the cdret@im peaks. In figure 4.17, we can
observe that the prediction of the depth-averagespended concentration is in good
agreement with observations. For the spring evEig 4.17 ¢), model results are close to
measured values, except for the concentration pekies (around 10 g/l), which the model
underestimates.

In addition, depth-averaged concentrations werienagtd by measuring the turbidity
at only 3 points in the vertical and therefore, theasurements include some uncertainty.
Furthermore, the measured values can also be eusrvehen applying the relation between
MES and turbidity provided by Maneux et al. (2006) turbidity greater than 1000 NTU
(which is not valid). Considering the uncertaintythe data, the overall agreement between
model results and measurements is satisfactorg iShtonfirmed by the RMAE for spring
tide of 0.44.

121



Chapter 4. Application to the morphodynamic modgliof the Gironde estuary

During the neap tide event (Fig. 4.17d), howevkhe todel under-estimates the
concentration. The computed suspended concentrpaks are approximately three times
lower than the measured values. This trend is alserved in non-cohesive results
(Huybrechts et al., 2012). Here the RMAE of depthraged suspended concentration is 0.67
for neap tide, which is still considered “Poor”.

4.10 Morphodynamic modelling
4.10.1 Calibration results on bathymetric evolution1995-2000

After the calibration and validation steps on wa¢eel and velocity and the validation
on depth-averaged suspended concentration, therpeeshydrodynamic model in 8 4.5.4 is
considered valid for the morphodynamic modellingn€erning the tidal forcing, long term
components as monthly components are includedmiti@ 46 harmonic components. Hourly
variations of river discharges from January1995 to December 312000 are imposed at
both upstream boundaries for the Garonne and Daelagers.
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FIGURE 4.18 - Modelled 5-year bed evolution (1995-2000)

The 5-year bed evolution is plotted on Fig 4.18 ttee whole estuary, including a
zoom in the central area (small figure in the blsglare).

Within the maritime area, bed changes are smallpewed to the estuarine part. This
Is due to the fact that this part was initializgdébunique layer of consolidated sediment, in
order to limit extra sources of sediment entermogrf the maritime boundary into the estuary.
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Since measurements of bathymetry are not availablbe maritime area, our calibration
focuses on the central area.

Morphodynamic results of graded non-cohesive sedlirflduybrechts et al. 2012b)
for the period of 1995-2000 are also comparedrmseof bed evolutions and BSS values.
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FIGURE 4.19 —Dumping areas (upper left) and zoom in 5-yeardesutions in the
central part (upper right: measured differentidhlgeetry, lower left: cohesive model, lower
right: non-cohesive model). Orange rectangulegatds the dumping areas (zones 3.1, 2.4
and 2.2), black oval corresponds to area of higlogi¢ion rate in the measurements.

Figure 4.19 gives the comparison between the medsfiig 4.19 upper right) and
computed bed changes (fig 4.19 lower). The bedutionl in cohesive sediment model is
overall, in qualitative agreement with the 5-yedfedential bathymetry. The growth rate of
the Patiras island and associated deposition ohtibe fine particles downstream of the island
are observed but under-estimated. The depositiatsessobserved along the right bank of the
navigation channel, in particular close to the Tpetoup island in both measurement and
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model results, but is under-estimated in the mobek erroneous result can be explained by
the ignorance of the dredging and dumping actwitiethis area (as discussed in part 4.10).

In the navigation channel, however, the model giies slight erosion (in the order of
—0.5 m), while the measurement clearly shows aemeyl for deposition, such that the
channel needs to be dredged. This erroneous reanltbe explained by the difficulty in
modelling the sediment dynamics in the lutocline.(the upper interface of the fluid mud
layer, as discussed in 8§ 4.9). Furthermore, thespartation activities in the navigation
channel, which increase the re-suspension and thesdien of sediments, is ignored in our
model.

Comparing the model results of non-cohesive (Fig94ower right) and cohesive
models (lower left), in general, in non-cohesive elpthe deposition rate downstream of the
Patiras island is over-estimated by roughly a fatt@, while the erosion rate in the channels
is higher than that observed in the bathymetry. @msely, cohesive morphodynamic model
tends to under-estimate the deposition rate imtihae estuary.

Furthermore, it is also observed that the non-simeenodel results produces areas of
deposition more locally than the cohesive modelva as the measured bed evolutions.
Indeed, downstream of the Patiras island, thetetssof deposition in the left hand side (in
order of 5 m, double the measured value). This eme@sponds to the area that sand particles
are observed. However, on the Patiras bank, wieresive sediments are dominant, the non-
cohesive model predicts less deposition than theesarement.
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FIGURE 4.20 - Location of measured profiles

To analyse in a more quantitative way, the samditguaiteria are applied on six
profiles localised in the central part of the esgudig 4.20). For the BSS criterion (eq. 4.2),
X is the measured final bathymetry, Y is the presticfinal bathymetry and B is the initial
bathymetry. The comparison between the measurdyratric evolution and the calculated
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evolution at selected profiles are presented inrégu21 for cohesive sediment model and in
figure 4.22 for non-cohesive model. The correspog@SS values are given in Table 4.5.
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FIGURE 4.21 - Measured & modelled bed elevation in cohesiitnsent model at selected
profiles: the black line shows the model resultd sinould be compared to the 2000 data set

(in blue).

TABLE 4.5 - BSS score for control profiles in cohesive and-eohesive models

Cohesive model

Non-cohesive model

Control profile BSS Evaluation BSS Evaluation
L1 0.05 Poor <0 Bad

L2 0.21 Poor <0 Bad

L3 0.68 Good <0 Bad

L4 0.24 Poor <0 Bad

L5 <0 Bad <0 Bad

L6 <0 Bad <0 Bad
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FIGURE 4.22 - Measured & modelled bed elevation in non-cohemsidel at four selected
profiles

Qualitatively, figure 4.21 shows an overall agreethén general, between measured
and calculated evolutions. Four cross sectionglatéed along the central part of the estuary.
The results seem better upstream the estuary.léxdfil, L2, L4 give positive BSS, in
particular, the BSS score of profile L3 is qualifi@as good, while profiles L5, L6 give
negative values.

Looking at L1, L2, L3, the deposition rate is beteproduced at the Patiras bank than
in the median channel. This is because the modeiatasimulate the sediment transported
into the median channel from the dumping areas divears. Therefore the model tends to
give higher erosion rate in the median channel.

At L4, the model shows a deposition tendency ohwitrate two times lower than the
differential bathymetry. The model is unable toateea narrower area downstream of the
bank as observed in the measurement (red arroiguref4.21).

Quantitatively, the model gives overall reasonaéstimates of bed evolution, in
particular the calculated shape of the deposihatlée of the central island. This is where
cohesive sediments are observed. Other areas vdage is dominated such as in the
channels, downstream of the estuary, the modelsgnere erosion than the measurement.
Therefore it would be interesting to compare resolt cohesive model with non-cohesive
model, and to see how to integrate the two typesediments in one model (4.11). Moreover,
since the dredging and dumping activities havergelampact on the equilibrium of the
estuary, it is difficult to produce the same resals observed in the differential bathymetry.
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Fig 4.22 presents the comparison between measuacedimulated bed elevation from
non-cohesive model at the same profiles as in codesodel. The BSS values corresponding
to non-cohesive morphodynamic model are negativalfeelected profiles (Table 4.5). It is
observed that the results of cohesive model arénrbatter than of non-cohesive model.

4.10.2 Validation results on bathymetric evolution 200-2005

Model validation is essential part of the model elepment process if models to be
accepted and used to predict the bed evolutiomumstudy, the validation run is selected
from 2000 to 2005 based on the measurement of ivegtny. The initial bathymetry is
composed of 2000 bathymetry at the central area]1888 bathymetry of the rest of domain.
This, however, can cause error in model resultg @tosion and deposition parameters are
kept the same as in the calibration test. The Nsrharges are imposed hourly from January
1% 2000 to December 312005. All assumptions in the calibration test agplied in
validation test. Since the validation result of then-cohesive model is not available, there
will be no comparison between cohesive and non<igaanodels as in calibration step.
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FIGURE 4.23 - 5-year bed evolutions in the central part (lefeasured, right: model)

Figure 4.23 gives 5-year measured and calculatddetselution at the central part of
the estuary. Similar to the results obtained fer ¢hlibration period (1995-2000), the model
tends to give more erosion than the measured batygmevolution. Indeed, in the two
channels (the navigation channel and the Saintohgenel), the measured bed evolution is of
the order of 0.5-1 m, while erosion is obtainedhi@ model. However, the elongation of the
bank downstream the Patiras island is obtainedhvénniodel results. The deposition is also
observed at the right bank of the navigation chinne
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FIGURE 4.24 - Measured & modelled bed elevation at selectefilps

Figure 4.24 presents the bed elevation in 20005 20@ the predicted bed elevation in
2005 at the same profiles as in calibration stejs bbserved that compared to the period
1995-2000, during this period (2000-2005), the l®dnore stabilised. In particular, at
profiles L3 and L4, the measured bed evolution shesiight deposition rate, even in some
areas (for example at the two sides of profile th®, erosion is observed. The model results
are considered reasonable at these two profiles.

TABLE 4.6 - BSS score for control profiles

Control profile BSS Evaluation
L1 <0 Bad

L2 0.17 Poor

L3 0.31 Reasonable
L4 0.31 Reasonable
L5 <0 Bad

L6 <0 Bad

At the two cross sections L1 and L2, the model gjivetter results at the tidal flats. At
the two median and Saintonge channel, the modekgivore erosion. This decreases the BSS
score of these two profiles. Actually, without dsble data, the critical shear stress for
deposition is kept constant in the whole estuainyceSthe Gironde estuary is characterised by
its high turbidity, with the TM normally located the main channels (Castaing, 1981), the
critical shear stress for deposition in the chamrsilould be higher than in tidal flat areas.
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Better agreement could be probably obtained byhéurtuning different critical shear stress
for deposition for different areas.

The dredging strategy is not yet available for fesiod. Therefore, it is difficult to
evaluate properly the performance of the validatmdel.

4.10.3 Conclusions

Within this study, the BSS score is also appliedaldate the 5-year bed evolution of
the morphodynamic model. The obtained values argeimeral qualified as reasonable or
poor. There is only one profile gives good BSS &cdihis is to conclude that the present
morphodynamic model still consists of several utaieties, which linked to the following
limitations of our approach. In order to reprodube observed morphological behaviour,
suggestions are proposed hereafter.

4.11 Discussion and conclusions
4.11.1 Main results

In the Gironde estuary, drastic bed evolutions Hasen observed in the central part.
This causes many impacts on the economical aetsviind environmental issues. Since
morphodynamic is a difficult issue, in particular this complex estuarine domain, few
models investigate the morphodynamic problems. Rfcea morphodynamic study was
developed using either uniform or graded non-cafeesediment (Huybrechts et al., 2012b).
Within this study, morphodynamic of the Girondeuasy is investigated using cohesive
sediments, taking into account the consolidatidects. The results presented in this chapter,
despite some ‘disappointing’ overall BSS scorethencentral part clearly show

1. Significant improvement in comparison to previoN®n-cohesive’ models
2. The importance of the consolidation algorithm depel in chapter 2

3. An original method based on pre-simulation runyrater to initialize properly the
bed structure in the large scale simulation

4.11.2 Limitation of the present 2D morphodynamic rodel
3D effects:

For medium term and large scale application, 2Dlcess-based models are
commonly used for investigating morphological chesgat tidal inlets. However, 2DH
models are based on simplifying assumptions (ldgcity profiles, Rouse profiles) which are
no-longer valid in the presence of recirculatirmy$ and stratification effects.

For sediment transport application, the calculatibdeposition flux in 2DH models is
based on depth-averaged concentrations, which gmwesh lower value than the ones
calculated from the near bed concentrated layeBDAmodel would be then necessary in
order to represent the vertical concentration f@pfas reported in the observations, and
would significantly improve the model.

Dredging and disposal impact:

The navigation channel is maintained at a minimeptll of —12 m IGN69 to ensure
the navigation until the harbour of Bordeaux byddjiag.

According to Wang and Winterwerp (2001) which wereed in Jeuken and Wang
(2010), there is a critical threshold for the amoainsediment dumping exists above which a
channel system in equilibrium may become unstablé degenerate. The value of this
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threshold is about 5 —10 % of the total sedimesmdport capacity. In the Gironde estuary,
Allen (1972) gived an average annual dischargeuspended sediments entering the estuary
from the rivers of approximately 1.5 to 3¥%@nnes. As reported by G.P.M.B (2002) the total
annual volume of dredging in the Gironde estuangesil990 is approximate 8.4X16°. The
dredging and disposal activities in the Girondei@st since 1990 have been over the limit of
disequilibrium of the system. That is one of thasens why the model cannot capture
properly the morphological behaviour of the estuary

The effect of dredging also appears clearly onlibe evolution. Figure 4.19 (upper
left) presents three dumping zones in the centat which have been planned since 1990.
The annual dumping volume on each zone was repoeguectively by G.P.M.B (2002) as
250000 nilyear for zone 3.1, 1812000°year for zone 2.4 and 2000°fyear for zone 2.2.
The comparison between the two upper figures shamvagreement between the dumping
areas (the orange rectangular) and the high deposite zones of above 2 m (the black
ovals). Indeed, this is not observed in the modslits. Apart from these three dumping
zones, downstream of the Gironde estuary, theeedlain of dumping areas in the median
channel, which receives each year abow10? m’/year of dredging material from the
navigation channel. This brings a significant amoainsediments upstream the estuary and
increases the amount of deposit.

4.11.3 Future works
Sediment mixtures:

The particle size analysis (chapter 1) shows thet hed of the Gironde estuary
consists of a mixture of sand, mud and sand-mudreeds. In order to improve the model
results, it is needed to take into account the mgixaf cohesive and non-cohesive sediments.
The physical processes associated with sand-mutliresxis a subject of current researches.
(van Ledden, 2003, Waeles, 2005). Among of them, gkdimentation-consolidation
processes of sand-mud mixtures, the flocculatioocgss of muddy sediments affect the
sediment behaviour, and the specific propertiesaofd-mud mixtures. The following chapter
presents our numerical work on hindered settlingarid-mud mixtures. A new formula to
close the governing equations of hindered setpimgess of mixed sediment is proposed. The
numerical model and the validation results willalte given in details.

Atmospheric forcings (wind storms and wind-waves)

This is a limitation of our model not including thedfects of wind, atmospheric
pressure and wind waves since the morphological lderents normally occur after an
extreme event (flood or storm). However, the effexftwind, atmospheric pressure and wind
waves are not included in the present model. Thectsf of storm events (extreme winds,
wind-inudced waves, and atmospheric depression)tlame currently neglected on the
hydrodynamics and sediment transport, e.g. thenstof December 27 and 28, 1999 (which
caused huge damages and flooding to the estugsnieral, and to the nuclear power plant in
particular) is not simulated in our model. Therefan order to improve the present model, it
is needed to calibrate the morphodynamic model uadestorical event.

Conclusions

The model, developed in this chapter for pure codeedediments, together with the
previous large-scale non-cohesive morphodynamicein@d. Huybrechtset al, 2012b) can
be considered as preliminary steps towards theloj@vent of a complete morphodynamic
model of the Gironde estuary which would also idelmmixed sediment processes.
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Among different limitations of the model such as tegtical and horizontal gradient
for sediment transport, the missing of flocculataond resuspension processes, the sediment
mixture characteristic, and the atmospheric forgjrtge effect of anthropological dredging
and disposal strategy is believed to play a cruoia on the morphodynamic equilibrium and
should be clearly accounted for.
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Chapter 5. Hindered settling of sand/mud flocs ared: from model formulation to numerical validatio

Motivation:

Natural sediments in estuaries and coastal areaslaracterised by a mixture of
water, sand, mud and organic matters. As discussind conclusion of chapter 4, in order to
represent the heterogeneity of sediments of then@e estuary, a novel modelling strategy is
needed, which takes into account the mixing of ssd@eand non-cohesive sediments. This
mixing characteristic can strongly affect all reletzprocesses (flocculation, erosion, hindered
settling, and consolidation). Within this study, i# impossible to address all of these
processes. As a continuation of chapter 2, thenssudation-consolidation of sand/mud
mixtures is supposed to be investigated in thiptdraHowever, due to difficulties associated
with the problem, our study is limited to the hine settling. An extension of our model to
the consolidation process is expected in the future

Main variables and definition sketch

A sand mud mixture is represented by two classéedfmaterial: Species 1 is for the
slower settling species (mud fraction) and Spe@ie®r the faster settling species (sand
fraction). The following figure sketches the sedmtation of a bi-disperse suspension (sand-
mud mixture).
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Sketch of the sedimentation of a bi-disperse suspen where black and white circles
represent small, slower settling species and heaf@ster settling species, respectively. (a)
signifies the initial condition, (b) signifies tlendition after a certain period. In figure (b),
the top layer where heavy species are absentsignas! by (+), the lower layers where both
species exist, is assigned by (0).

Key processes:

The presence of a sand fraction in a mud suspehsi®m large impact on the settling
process. The heavier sand particles settle fastefaam a separate layer at the bottom of the
column as long as the mud does not form a contsumaiwork (as explained below). This
process is calledstgregatioin Segregation of sand is indicated by peaks in dbasity
profiles, and occurs for initial mud densities lelthe gel point (Toorman and Berlamont,
1993).
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A continuous network is formed when the concemrnabf the mud fraction in the
mixture exceeds the gel point and effective stes®velop. Once a structure is formed, sand
segregation is limited or even impossible, the spadicles are trapped in the mud matrix.
This process is calledtrapping’ (Torfs et al., 1996). The settling rates of theidfsand
mixture increase with increasing sand content.

The so-called Smith effe¢t (Berres et al., 20Q05describes the increases in the
concentrations of slower-settling species in theeuppgions. Considering the sedimentation
of a bidisperse suspension, the uppermost regiotaics only the slower settling species
assigned as species 2. Suppose that the solidertoaittons of both species remain constant
in the region above the packed bed. The fastdingeipecies (assigned by 1) is absent from

the top layer (assigned by +). Thus, the velocitgmdcies 2 is, (q;;). Below the interface

(assigned by 0), the velocities avg(¢”)and v, (¢) (where = ¢+ @). The mass balance
yields:

g[v(@)-w(8)]= v §-v( §]

Species 2 settles more rapidly in the upper redlman in the lower region of
suspension. Since downward velocities are negatiez; ) < v,(¢°) , theng >¢f .

Objective:

Our objective is to build a hindered settling moftel sand-mud mixtures which can
cover all of the above-mentioned key processes.

State of the art:

Regarding the existing hindered settling equatfonsand/mud mixtures, we identify
the works of Winterwerp and van Kesteren (2004) hGeittson et al.(2008). These formulae,
however, are only valid for sand-mud mixtures ofutirrich” type. Therefore, within this
study, a new system of equations for hinderedisgttf sand/mud mixtures is developped
based on the bi-disperse theory. Two existing $pelise models applying for high-
concentrated suspensions are concerned: the Madlgyekett-Bassoon (MLB) model and
the Davis and Gecol (D&G) model. The following etioas give the hindered settling
velocity of solid suspensions settling within adsperse environment.

MLB model:

_ n -2 p—p P =P
=(1- 0 1-¢)-w,
i ( go) {W’ Pi‘,OW( ! P~ Py 4

whereg is the density of the suspensiong@+ g @+ Pw)-
D&G model:

W =w,o(1-¢) {1+Z (§ - §)<p} i=1,2

j#
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where qo:ZQis the total particle volume fraction. Its only pareters are the

sedimentation coefficient§; determined from Batchelor’s theory. These pararsetstuce to
the Richardson and Zaki (1954) correlatiog for monodisperse suspensions. Values of
sedimentation parameters were cited by Batcheloiéead (1982).
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5.1 Introduction

Sedimentation and consolidation of natural sedisané important processes in the
study of erosion and deposition processes thatpkdae in estuarine environments. In order
to predict bed evolution, knowledge of the vertistlucture of the sediment is needed.
Indeed, a freshly deposited mud is more easily er@ilece the critical shear stress tends to
be weaker than in a consolidated mud (Migniot, J96&reover, for a given erosion flux,
the computation of the erosion thickness shoulalirer the sediment concentration in the
uppermost layers of the deposit.

Most of existing studies use the Gibson’s modab$Gn et al., 1967; Gibson et al,
1981; Bartholomeeusen et al, 2002; Toorman, 1996pmpute the time evolution of vertical
concentration profiles. As mentioned by Toormar(Tinorman, 1996 and Toorman, 1999),
the Gibson’s model results from a unification ofttbéheories on sedimentation (hindered
settling) of Kynch (1952) and on consolidation (qession) of Terzaghi (1923). The
sediment (solid) concentratiagpis indeed obtained through a non linear convedtiffasion
equation, which expresses the mass conservatisediient.

Jdp 0 k do'dg
— k(o /o -1 p+————— | @ =0 51
ot OZK (ol pu=1) .9 dp azj } (6-1)

wherek is the hydraulic permeabilityp,, o, are the sediment and fluid density,
respectivelyg is the acceleration of gravity amdthe effective stress.

Equation (5.1) of Gibson (Gibson et al., 1967; @ibst al, 1981) requires two closure
equations for: i) the hydraulic permeability;, acting as a convection term to describe the
sedimentation theory of Kynch (1952), and ii) thteeive stressg’, as a diffusion term to
take the consolidation theory of Terzaghi (1923 iconsideration. Both are usually assumed
depending on concentration and, more importantlym@an characteristics of sediment such
as density and size.

The Gibson’s equation can be applied for mono-dsgeediment, but is irrelevant for
sediment mixtures such as muddy-sand or sandy-mud.

First, the physical processes during settling betwthese two types of sediment are
different in two major aspects: flocculation andahsolidation of deposited material. The most
characteristic property of cohesive sediment is ithean form flocs when the attractive forces
exceed the repulsive ones (see Migniot, 1968; Btheeusen et al., 1981; Toorman, 1999
for instance) while non-cohesive grains are onlpjett to repulsive forces (contact).
Properties of mud patrticles after forming flocsrsigy, size) differ strongly from those of
primary particles. Moreover, cohesive sedimentlmamompacted (under consolidation) after
the sedimentation process (as evidenced in PhamBdag et al., 2008), but non-cohesive
sediment is only subject to sedimentation (or hiadesettling).Second, sand grains fall in the
presence of mud or in clear water differently amck versathe settling velocity of mud
changes depending on the sand concentration (Migt®®8; Torfs et al., 1996; Cuthbertson
et al., 2008; Dankers & Winterwerp, 2007).

Third, the possible segregation along the vertjeaderates difficulties in determining
the mean characteristics of sediment in the wholenen. Two Gibson equations should be
then applied for two grain sizes. Such a coupledesy looks promising to describe the role
of the Smith effect (Berres et al., 2005, Birgealet2011) on segregation and the trapping
effect of sand grains in the muddy matrix (Migni@868, Dankers & Winterwerp, 2007,
Cuthbertson et al., 2008).
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From the above properties of mixed sediment whosesity and size differ, a
description of each constituent is necessary tailsite the hindered settling of sand-mud
mixture (i.e. the first term in bracket of Eq. 5.I)his requires two non-linear mass
conservation equations with coupled closures. Teuen the generality, these closure
equations should: (i) cover pure mud and pure sasds; (ii) describe the dependence of the
settling velocity of one species on concentratiothefother; (iii) describe the segregation or
trapping effect in different mixtures.

This study presents new closure equations for samdl-mixture — a modification of
the Masliyah-Lockett-Bassoon (MLB) model, named nBAThe MLB model was originally
proposed for non-cohesive grains having differan@ze and density (Berres et al., 2005).

First, following the idea of Cuthbertsat al (2008), the buoyancy is corrected to
express the influence of both species by the (LEmpp —@), where @ and ¢ are the

volumetric concentration of sand particles and rprichary particles, respectively.

Second, we consider the suspension of sand-mudiraigis a system of two phases:
sand phase and suspension phase, which is watermixtidre. In the settling process, the
viscous effect of the mud suspension reduces theg&elocity of sand-particles.

From stability point of view, compared to the maelif Davis and Gecol (MD&G)
model proposed by Cuthbertsenhal (2008) the mMLB model is advantageous because it
never generates instability for particles of thensadensity, with whatever size ratios (cf.
Burger et al., 2000 However such a potential unstable behaviour haseen investigated
(Migniot, 1968, Torfs et al., 1996, Cuthbertsorakt 2008, Dankers et al., 2007 for instance)
for the sand/mud flocs system of interest. The &irom of fingering or blobs in opaque
solution is currently not accessible from the coriianal and used measurement techniques.
We consider therefore as a simplification that samdyl mixtures system is stable.

In order to construct solutions for the governima&tions system and its proposed
closures, a high-order accurate numerical schemgraposed. The accuracy in space is
obtained by using a Weighted Essentially Non Qacitly (WENO) reconstruction technique,
and in time via a local space-time Discontinuousea (DG), for which no time splitting is
needed (Dumbser et al., 2008). The numerical tgctenis validated by comparing its results
(WENO4-DG scheme) with those given by Burgeal (2011) (WENO5-RK3 scheme) on a
bi-disperse granular suspension, in which the expart was performed by Schneider et al.
(1985). A good agreement is obtained. This proke<fficiency of the proposed technique in
term of accuracy. Later, our numerical tests shbes tapacity of the present model to
simulate the hindered settling process in differemses: (i) pure mono-disperse granular
suspension (Pham Van Bang et al., 2008, Nguyeh, &0©9); (ii) pure cohesive suspension
(Villaret et al., 2010); and (iii) cohesive-non cehe mixture (Nguyen et al., 2007, Nguyen,
2008).

This paper is organised as follows. Section 5&s@nts the equations governing the
hindered settling process of mixed sediment, a$ agethe available formulae to close the
problem. The proposed formula is then describeth yustifications. Section 5.3 details the
numerical scheme, which is used to construct nuwalesolutions and the validation. Finally
Section 5.4 demonstrates the application of the mBMhodel to different situations of
sediment mixtures.
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5.2 Hindered settling theory for mixed sediment
5.2.1 Governing equations

We use a classical one-dimensional model, whichiesges the mass conservation of
each constituent of the sediment mixture. Hereeltpgation is restricted to the case of two
species, referred as species 1 and species 2. ldowey model is easy to extend to multi-
(more than two) constituents as proposed by Blegeal. (2011). The scope of this study
devotes to hindered settling, thus consolidationsphia ignored. Defining the upward
vertical axis, the system of governing equatiorsise

a;qa
ot

9%
ot

oM@ @ d=0
(5.2)

+—[ ,(@, @) g =0

whereV,, @ are the hindered settling velocity, the volumesatids concentration of
speciek respectively.

The equation system (5.2) is considered as gette@lghout this paper because the
hindered settling velocityy of speciek depends on the concentration of both constituents.
This is an essential point to enable the modeluway the physical processes associated with
sand-mud suspension such as: i) the Smith efBatrés et al., 2005), in which the upward
motion of the lightest particles is induced by fia#ling motion of the heaviest oneseg
Section 5.3.8 ii) the segregation of sand and mud particlefef mud fraction is lower than
the gelling concentration; and iii) the trapping sdnd grains in a gelled muddy matrix
(Migniot, 1968, Torfs et al., 1996, Dankers & Winterp, 2007).

5.2.2 Terminal velocity for mud flocs and sand paitles

For cohesive sediments, primary particles corredgonndividual solid grains having
density equal to 2.65 tonsirfor quartz grains. They tend to aggregate or fitate during
inter-particle collisions and de-flocculate undéearing. The resulting aggregates or flocs
have density much smaller than the density of pryrparticles.

The fractal theory (Winterwerp & Van Kesteren, 20Qdranenburg, 1994) is
commonly used to establish the mass-radius relsttipnrand determine the density or fractal
dimension of flocs based on the gelling concerdrmativhich marks the transition between the
sedimentation and consolidation (or compressiorgspd (Camenen & Pham Van Bang,
2011).

The following system of equations describes thati@hship between the floc
concentration 4 ), floc density f ), floc diameter @;) and the gelling concentratiomgg)
given by Kranenburg (1994).

=@/ @
i = 0, +(0, — £.) B (5.3)
% :[Dp/Df]g_nf

wherenry is the fractal dimensiorD, and g, are the diameter and density of primary
mud particle, respectively.

The gelling concentration is difficult to determiraecurately, as pointed out by
Dankers & Winterwerp, 2007 and Camenen & Pham Vang3 2011. Once the gelling
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concentration is estimated, the concentration andityeof mud floc can be easily determined
using the first two equations in (5.3).

The diameter of mud floc is dependent on the ggliboncentration, the primary
particle diameter and fractal dimension. The prymagrarticle size is determined
experimentally. The fractal dimension is measuradging from 1.4 to 2.2 for flocs of
cohesive sediment in the water column, but can dinger values (2.6 2.8) for bed
sediment (Winterwerp & Van Kesteren, 2004).

For mud flocs with a fractal structure, the setjlivelocity of single mud floc in still
water is proposed by Winterwerp and Van Kester@042

-0, " an_l
W, =] — (o, p)gDz ) N S— (5.4)
® 1188 U 1+ 0.15R&

wherea, S are the shape factoBg the particle Reynolds number. It is worth noting
that the Stokes velocity formula is recovered foa Reynolds non-cohesive particles= 3
(i.,e. D, = Dr ) and spherical grainsr€ f). Therefore, the equation (5.4) can also be agpplie
for non-cohesive sediments.

5.2.3 Existing closure equations for cohesive andn-cohesive mixtures

To solve the equation system (5.2), the closureaigus are needed. For the most
studied system (spherical bi-dispersed suspenswasjote a large variety of formulae in the
literature (Batchelor & Wen, MLB, D&G as mentionedBurgeret al, 2011). Most of these
studies propose formulations of tyJg @, @) based on observations of the interface position
between three zones (clear liquid, light componantl component 1-component 2 mixture).
Since the Batchelor's theory is applied to dilutesgensions (Berres et al., 2005), the
following discussion concerns the two MLB and D&@aels.

Stability analysis could be used as a useful topkf/aluating models of poly-disperse
hindered settling. In order to conserve the hypehmoperty of the mathematical problem,
Jacobian eigenvalues should remain real (sect@d)5.This is a stability criterion. From this
point of view, Burgeeet al (2000) compared the D&G and MLB models. Theiuhssshow
that the D&G model is limited to particles of thense density and with the ratio of particle
sizes lower than 5. The MLB model is valid for gigiwhich are different in both size and
density. For particles of the same density, the Mh&del is proved always stable (Birger et
al., 2000). This statement is consistent with tkeeeimental findings of Batchelor & Janse
Van Rensburg (1986). The authors indeed observatl itistability starts from a certain
density ratio and manifests as the formation ajdinng or blobs. For such a reason, the MLB
model would be preferred in term of stability.

Few studies have been, however, proposed for cghesid non-cohesive mixtures
such as sand-mud one. On one hand, because ofp#iziyoof the suspension it is very
difficult to localise an interface inside a turtddne. On the other hand, it is complicated to
determine exactly the gelling concentration, thee fsize and density, which are important
parameters of cohesive sediment (Camenen & PhamBéaig, 2011, Winterwerp & Van
Kesteren, 2004). In such a specific case, we ifjetite analytical work of Cuthbertsaat al
(2008) on formulae of Winterwerp & Van Kesteren@} and Cheng (1997). According to
their analysis, those formulae are only valid fand-mud mixtures of “mud-rich” type. They
also proposed a formula based on the D&G modelirfigav formula, named mD&G in the
following, reads:
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=W, (1-9) 7 (1-¢,- @)[1+(S, - S0 @]
W =w, ,(1-9) " (1-g - @)[1+(S. - S) ¢

wherew o stands for the terminal settling velocity of sedithparticle (subscriggis f
for floc ands for sand),g the volumetric concentration of primary mud pdetsc{.e. the mud
volume fraction),@ the volume fraction of sang the volume fraction of mud flocs, ar
(=@+ @) the total mixture volume fraction.

Compared to the original D&G model (Burger et 2D11), the mD&G model (Eq.
5.5) introduces two major modifications. First, teem (1—40p - q@) is explained by authors

as the correction for the buoyancy, which resultsnfrthe sum of the volumetric particle
concentration (Cuthbertson et al., 2008). More igedy, this effect of buoyancy or reduced
gravity is explained by Winterwerp & Van Kestergrage 129, Winterwerp & Van Kesteren,
2004) as a decrease in the effective settling vglot the suspension by a factor (Ig) for a

mono-disperse suspension. Hence, the settling ¥elamfi a suspension of bi-disperse

sand/mud types will decrease by a fac(t‘mC @, - q@) .

(5.5)

Second, the computation of sedimentation param&ge(sq. 5.6) takes into account
the difference in particle density. This latter niation generalises the D&G model, which
is originally only valid for particles of the sardensity.

g =254 243 +1- 187
TS T 0 0024, ¢

A, =D, /D (5.6)
vi=(g-a)("-8)

The mD&G model of Cuthbertsoet al. (2008) needs four paramet&s= [Sss; S ;
Si; Ss 1. SrandSs are related to particle diametekd and reduced densityf) ratios by Eq.
5.6 (Ha & Liu, 2002). The two remaining paramete®s, and S are equivalent to the
exponentn in the classical phenomenological law of Richardsmd Zaki (Richardson &
Zaki, 1954).

The mD&G model extends the validity of the origir@ie to particles of different
densities. Indeed such an extension is cruciabmd grains and mud flocs mixtures, since
the density of mud flocs strongly deviates from dessity of sand. However, Cuthbertssin
al. (2008) did neither study the stability of theiodel nor verify its validity against measured
concentration profiles. In the present study, weppse another model (mMMLB model) for the
application of sand/mud mixtures in section 5.2I#%e instability analysis of these two
models (MD&G and mMLB) is presented in section®.Zhen the validation of the selected
model against concentration profiles of differeases is given in section 5.4.

5.2.4 Modified MLB model for cohesive-non cohesivaixtures

Since the MLB model originallycan be applied fortpdes having differences in size
and density, it is a good candidate for extendingand-mud mixture cases.

In the MLB model (Berres et al.,, 2005), we recognthe effective density ratio

inducing similar effects ag in Eq. 5.6. The size ratio (parametdfsn Eq. 5.6) is implicit in
the terminal velocityws, andwso.
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The proposed extension of the MLB model to sand-mudure cases comprises two
important modifications in Eq. 5.7. First, the tering- @, which is the correction for the
effect of buoyancy (Cuthbertson et al., 2008, Wingp & Van Kesteren, 2004) is added.
Second, we consider a sand-mud mixture as a systdmo phases: sand phase and mud-
water phase. Each individual sand particle whidls fa the remainder of the suspension has
an increased relative viscosify/o. This term reduces drastically the settling veloof sand
as the mud fraction in the suspension increases. Vilcosity correction is not applied to
mud particles, which are only considered to fallvater. For mud concentration close to the
gel point, this term(o/i) tends to approaching zero so that the settlingcitg of sand,ws,
could equal the settling velocity of mua. This asymptotic situation corresponds to the
trapping of sand particles in the gelled muddy mat®therwise, the segregation occurs
between sand and mud.

All of these considerations lead to the followinylhB model for sand-mud:

n- ps—p' P =P
w=(1-9) " 1-g - @)| w2 T2 - g -w
(1-9) ) c@{ o g GO, = 4

(5.7)

n- Pi =P Ho Ps— P
1-¢) " -g-@|w (1= ) ~wg 2
(1-¢) % 4 o —p, o T ps-pw‘%

where p' is the density of the suspension gsa+ a@+ pu@,). The exponennh is

equivalent to the exponent of Richarson and Za@b4) for non-cohesive sediments, and can
be much higher for cohesive sediments.

Here we use the semi-empirical model of Krieger-gharty to calculate the effective
viscosity (Nguyen, 2008, Winterwerp & Van Kester@004, Camenen, 2005, Pham Van
Bang et al., 2008). The mud-concentration-dependsobsity relationship reads:

/Jo wgel

where [, 1 are the dynamic viscosity of water and mud-watespsusion,
respectively,a expresses the divergence of the suspension wigcatsihe gel pointge,
vicinity. Its value is equal to 5/2 (with the assution of ¢, =1) to agree with the theory of

Einstein for very dilute suspension of mono-dispdrspherical beads. For dense cohesive
suspension, the empirical valueatan be much higher than the theoretical value.

Compare to the mD&G model, the mMLB model not omyolves the effect of
buoyancy but also can describe the segregatiorrapping effect through the effective
viscosity term.

5.2.5 Instability analysis

The sedimentation theory of Kynch (1952) concerme tase of mono-disperse
granular suspension. Its theory of kinematic wafgsck waves, rarefaction waves and
compound shock waves) during the sedimentation ed-established by the analytical
solutions, which are obtained by the so-called wetbf characteristics. Such a method is
only applicable for mathematical problems havimicshyperbolic property. However, this
property is not guaranteed for the coupled equati®2) with the mD&G or mMLB
closures.
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In order to investigate the possible loss of hyphkecbproperty in our problem, we
apply here the instability criterion (Eq. 5.9) chtBhelor & Janse Van Rensburg (1986). This

criterion states that instabilities may occur if #aeobian,J; = (aj f ) has a pair of complex-
conjugate eigenvalues and reads:

2
,:(aqvl_a@vzj 1q0 M0 Y, 5.9
g 09

og d¢

o, | S

c)

0,1
b,

Always stable

0 0.2 0.4 0.6 0.8 1
o[-

FIGURE 5.1 - Instability regions of two hindered settling maglédr sand-mud mixtures: a,
b: mD&G model; ¢, d: mMLB model; a, c: density @ifénce; b, d: size difference

If the criterion (Eqg. 5.9) is fulfilled for a giveimstability region in the phase plane
(@, @), the problem becomes elliptic with unstable dolutFigure 5.1 presents the instability
regions of the mD&G and mMLB models. Instabilitygiens of the original D&G and MLB
models are detailed in Burger et al. (2002).

Compared to the original D&G and MLB models, thatability regions are now
strongly affected by the fractal dimensiag, of mud flocs through the sizd ) and density
(y12 ratios.

Figure 5.1a (5.1c) gives instability zones for jméets of different densities. These
zones concern ideal sand particles and mud flobsse density of mud flocs ranges from
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1033 kg/ni (nf = 2 or =0.02) up to 1264 kg/in(n; = 2.6 or=0.16), which corresponds to
estuarine mud. Comparing figure 5.1a (MD&G) witlhc5(mMLB), the mD&G model
produces larger instability zones than the mMLB glod’he latter also presents smaller
instability zones than the original MLB model (inUfger et al., 2002). Indeed the
modification of MLB model to account for the sandwinproperty reduces the unstable
regions. Such a comparison is not possible for &@Dmodel since it is inapplicable for
particles of different densities.

Figure 5.1b (5.1d) presents the instability zorwsphrticles of the same density but
with different sizes of the mD&G model (the mMLBerrespectively). This ideal situation
corresponds to extremely dense floos £3) so that the floc diameter becomes primary
particle diameter§=Dy). The results in figure 5.1b (the mD&G model) ammnilar to those
obtained by the original D&G model (Burger et &Q02): for size ratios larger than 5,
instability zones are generated. Figure 5.1d detrates that neither the original nor the
mMLB model presents unstable regions in the phémgepboth are stable for whatever size
ratios. This observation is in agreement with tkpeeimental results in Batchelor & Janse
Van Rensburg (1986). These results indicate thatrtbdifications brought to the original
D&G and MLB models do not alter the stability rasufor particles of the same density.
Therefore, from a stability point of view, the mMLUBodel could be preferred than the
mD&G model proposed by Cuthbertsenal. (2008).

5.3 Numerical model

This section presents the used numerical techrtigs®lve the equation system (2),
associated with new closure for given initial andutaary conditions. The finite volume
scheme of arbitrary high order of accuracy in spaue time developed by Dumbser et al.
(2008) is used.

5.3.1 Space-time finite volume

We first consider (Figure 5.2a) a space-time fimi&ime Q =X _,, X[ x ]t", "]

spanned by a spatial controlled volume (centered amd bounded by.1,) and a temporal
controlled volume (extending from the time lev8],of known variables up t§**, time level
of unknown variables).

Integrating over the space-time volume and after simplification by gsithe
associated relative space-timg;z, coordinates which are defined in Figure 5.2c, &Q.
becomes:

—nt1 _—n At~ ~
q; 1:q _E( i+1/2 fi—llz)
1
with g = [ a¢.r =0 (5.10)
£=0
. 1 1
andf,,,= [ f€=1yr = [ f(q & g, @ )d
=0 =0

whereq stands for the vector of conservative variablgsg] andf(q) the flux vector
[Vi(@,@),Vo(@a,@)]. The superscriptbar (or ‘tilde’) means the space (or time)-averaged
value at a fixed time (or fixed interface respeelyy.
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FIGURE 5.2 - Principle of the WENO4-DG mathematical modelspace-time mesh and
control volume; b) assumption of piecewise conssahition (first order accurate finite
volume method) and sketch of the WENO4 reconstragirocedure using stencil (stage 1); c)
space-time test and basis functions for Discontisugalerkin (DG) finite element method
(stage 11); d) five Gaussian integration pointagst 111).

Reproducing the method of Dumbser et al. ( 200@)al80 use the Rusanov fluk,
as the numerical flux function and consider therolauy extrapolated value on the left side,

G..»=9(=1,7), and on the right sideg’,,, = ,,(0,7) of the volume interface+1/2. The
numerical solution is constructed in three stages.
5.3.2 WENO4-DG numerical model

Stage (I) corresponds to th&/ENO reconstruction stépin order to determine the
valueq at x:1» from space-averaged daﬁﬁ and finally to comput@iﬂ,z. We develop the
WENO4 and employ four reconstruction stencils (Fégh.2b): S** (or §?) are the slightly
left-sided (or right-sided) central stencil§,’ (or S°) is the entirely right-sided (or left-sided)

stencils. Each stencil contains four space-averagﬂd,a?, which are used to fit each

piecewise (spatial) polynomial of degree 3: we abers (see next stage) the rescaled
Legendre polynomials (notéd in what follows), which form an orthogonal basistbe unit
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interval, /={0,1]. The final non-oscillatory reconstruction pobmials for eacrﬁin (notedw; in

Eqg. 5.11) is obtained from a nonlinear weightingtloé four mentioned stencil dependent
polynomials. For the computation of the nonlineaights, we strictly apply the relations
proposed by Dumbser et al. (2008) with the samarpeters values.

WED) = RO, ©) (5.11)

where W, is the rescaled Legendre polynomial of degkee«?v:( is the coefficient

resulting from the weighting operation. The supepsc’ means component in thé-basis
(or B-basis in the next stage).

Stage (Il) corresponds to thidigh order one-step time schemeghe local space-time
Discontinuous Galerkin (DG) finite element schesased to solve the element-local Cauchy
problem at initial time,==0 (i.e.t"). The test functions (£,7) (for k=1,16) are products of

scaled polynomials¥; (&)W, (7). Eq. 5.2 is transformed in coordinates of the resfee

element §1). Then it is multiplied by a local space-time tasiction following the classical
finite element method. We integrate (5.10) by partsme and insert there the initial solution
w; obtained from Eq. 5.11. We expand the solutj@nd the flux in the same basis functions

&, i.e.q(é,7)=6, (é',T)ak and f(¢,7) =6, ({,r)?k, and rearrange the equation to obtain:

N ~i ~i
K;Uk + Klfl f,= Fk(,)&)k

K} =f9k(£,1)0| (f,l)df-ﬁ%@ EryEa

(5.12)

with f (&, )‘39(5 D e or

Fo = | 6.(&,0)%, (£)d§

|
Ja

The Eq. 5.12 is solved to determine the 16 elertoaat- componentﬁL, which are
predictors of the solution at time=1 (i.e.t™'). The nonlinear relation between fluxes and
unknowns imposes an implicit resolution. We pregaee starting point for Newton method
and inject the result into the iterative loop adiog to the procedure given by Dumbser et al.
(2008).

Stage (lll) corresponds to theumerical integratiohin order to update the solution to
the new time"™. The computation of ,,,, (or f, ,,,) in EqQ. 10 requires the time integration

of fluxes. The previously obtained solution (stdfeis used as a predictor and the time

integration over each space-time volume is expficialized by considering five Gaussian

integration points (figure 5.2d). The cell averages updated and the algorithm restarts from
stage |.

5.3.3 Numerical validation on bi-disperse granular gspension

The test case of batch settling of bi-disperse esusipn in a vertical column of
Schneider et al(1985) was simulated by Birger et al. (2011) to validdteirt numerical
WENOb5-RK3 method. Their numerical results (notedreBults in the following) are
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compared to the results provided by the previodsfailed WENO4-DG model to validate
our numerical code and verify the performance ofued numerical technique.

This test case concerns a batch settling test (0.Bigh column) of non-cohesive
mixture composed of spherical solid grains of thee density £=2790 kg/m) but with
different sizes [0s;=0.496 mm andDsx=0.125 mm). Initially, the mixture is homogeneous
along the vertical at the concentratiom:{ @) of (0.2,0.05) in a Newtonian liquid
(1~0.02416 Pa.s9,~1208 kg/m). The solid fluxes of both species are set equakto at the
(bottom and top) boundaries of the column to mdtiel impermeable condition. This is
realised by settinggi, 2)=(0,0) at the top boundary and;( V,)=(0,0) at the bottom of the
column.

For this test case, Burger et al. (2011) considerMLB model with the following
physical parameters (maximum total concentratigm, equal to 0.68; Richardson-Zaki
exponentn, equal to 4.7 and gravity constagtequal to 9.81 m3. In our case, we use the
mMLB model (Eq. 5.7 & 5.8) which corresponds to theginal MLB model for non-
cohesive bi-disperse mixtureD{£Dy=Dsy, =3, p=0=2790 kg/m, 1=1;=0.02416 Pa.s,
n=4.7). The same numerical parameters are used (6400s@long the vertical, CFL = 0.5).
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FIGURE 5.3 - WENO4-DG solutions on batch settling of initalomogeneous bi-disperse
and non cohesive case:tab0s; b)t =300s, with subscript 1 for numerical solutions fo
(@, @) and subscript 2 for total concentration.

Figure 5.3 presents the numerical solutions pralio our model at = 50s and =
300s (compare to Figs. 1 and 2 in Burger et all,1200ur numerical results match perfectly
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the B-results as they reproduce exactly the sameettration profiles for species 1 and 2 at
different considered time. Although small discrepairt concentration gradient is observed
near the supernatant-suspension interface, thidl shfi@rence could be attributed to the

difference in the polynomial reconstruction: ourdabconsiders a WENO4 while Birger et
al. (2011) use a WENOS. This small difference remaiegligible so that our model and the
model of Birger et al. (2011) are considered edentan term of numerical precision.

A more important result in this test is the illadgion of the Smith effect (Berres et al.,
2005) in the bottom region of the column. This efffexplains why smaller grains (of
concentrationg) are pushed upward during the downward falling ement of the bigger
grains.

During the segregation, five zones are observeteA-E in Figure 5.3) along the
column. From top to bottom, a clear fluid layerfirst observed (zone A in Figure5.3 with
zero concentration for both species) which is foldwby zone B. In zone B, only small
grains @,=0) are present since big ones have larger faliglgcity: the concentratioma,
within this layer exceeds the initial valge,’. Zone C corresponds to the initial mixture with
(@1, @)=(@, @). Zone D is the transition layer above the packedi zone E). Both zones
D and E record small grains impoverishmem, < ¢@,) and big grains enrichmeniga(
> @2,). Close to the bottom, zone E (packed) is obsebdt is divided in 2 sub-regions.
The uppermost (zone E1 in Figure 5)3ls composed of small grains only and the bottom
zone E2 is mainly composed of big grains but sipalins are also present. The results show
that we do not obtain a pure segregation at thitmosince small grains are still present. This
issue will be discussed later in the case of sand-mixture.

5.4 Simulation results on different sand-mud mixtues

In this section, we select 4 batch settling tesksclv were experimented by non-
intrusive techniques such as Magnetic ResonancgimmpgMRI) vertical prototype (Pham
Van Bang et al., 2008), X-ray (Villaret et al., Z)lor Gamma-ray (Nguyen et al., 2007),
(Nguyen, 2008) to validate our model. The simulaticesults are compared against
experimental data on the time evolution of con@ign profiles. This is the most valuable
validation of sedimentation-consolidation modelsaagied by Toorman (1999).

The presentation of simulations gets progressivetye difficult. First we consider
asymptotical cases of mixture of i) pure non-colesand (section 5.4.1.1) and ii) pure
cohesive mud (section 5.4.1.2). These examplegssential to demonstrate that our sand-
mud formula is able to cover the ‘sand-rich’ andutivrich’ cases. A cohesive-non cohesive
mixture is thensimulated (section 5.4.2). The athg® of this case is the access to both
preliminary test on pure cohesive sediment anddhesive-non cohesive mixture (Nguyen et
al., 2007, Nguyen, 2008). Based on the experimeagallts, we first calibrate the model on
the cohesive fraction (section 5.4.2.1) and themsidhe parameters to simulate the sand-
mud mixture case. A CFL condition of 0.5 is kephstant for all simulations. Table 5.1
presents the model parameters of all simulatibhsignifies the number of points along the
vertical.
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Non-cohesive Cohesive Experiment Model
Test P D. D, Geat Or "y D, Device Reference n- MQE
kegm’) () | (m) (O Gegmd) O ()
411 1050 280 [ [-1 [-1 [-] [-] IRM [9] 2 500
412 | 2600 [-1 4 0.12 1192 239 130 X-Ray [29] 9.5 500
421 2650 [-] 2 0.20 1330 241 30 ¥ Ray [19] 125 150
422 | 2650 199 2 0.20 1330 241 30 ¥ Ray [19] 10 150

TABLE 5.1 - Summary of model parameters for every test case

The parameters describing the mud floc propddy I, &, @) are obtained through
the calibration process, which is detailed prevpus section 5.2.2. The exponentis
calibrated by correlating the measured and simdiled@centration profiles.

5.4.1 ‘Sand rich’ and ‘Mud rich’ test cases

5.4.1.1 Asymptotic ‘sand rich’ case

0 0.1 02 0.3 0.4 0.5 “06 0.7
¢ [-]

S

FIGURE 5.4 - Modelled versus measured volume concentratiofilgs of mono-disperse
polystyrene beads at different times

This case concerns the sedimentation of mono-disdespherical polystyrene beads
(0.29 + 0.03 mm diameter, 1.05 gérdensity) in Rhodorsil silicone oil (20 mPa.s visity
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and 0.95 gcii density). The initial suspension is prepared ylindrical container (50 mm
diameter, 100 mm height) at initial solid fractioh0.48. A mixing procedure is applied to
achieve the uniform initial concentration along thexis. The container is then covered and
placed in MRI for automatic measurement on verticaicentration profile4z = 0.9 mm, 4t

= 2 min in Pham Van Bang et al., 2008). Accordinghe experiment, the maximum volume
concentration is equal to 0.60.This value is theseited in the model. The exponents
determined in order to obtain an agreement betweemeasured and modelled concentration
profiles.

For this simple case, the mMLB model witl= 280 pmandn = 2 is simply reduced
to:

_ Ps—P . _e
WS—[Wso—(l qos)}(l 0.6) (5.13)

S w

Figure 5.4 presents the comparison between the lladdand measured vertical
concentration profiles at different times. A googreement is observed for the downward
(supernatant/suspension) and upward moving (sugpeéssdiment bed) interfaces and the
shape of the vertical profiles.

5.4.1.2 Asymptotic ‘mud rich’ case

. * Omin
+ 4 min
7 min
17 min |
4 1 27 min
57 min -
86 min
Model

z[cm])

10§

0 0.02 0.08 0.1 0.12

FIGURE 5.5 - Modelled versus measured volume concentratiofilgs in sedimentation
regime of the Gironde mud at different times

This test case concerns a batch settling test ahwinich was sampled in the central
part of the Gironde estuary (France). The susperisigmepared at initial solid fraction of
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2.96 % {.e. 77 g/l) in a column (5 cm diameter, 20.7 cm hbigK-ray technique is used to
obtain vertical concentration profiledd= 3 mm, in Villaret et al., 2010, Van & Pham Van
Bang, 2011). Profiles are obtained every 3 minatdbe early stage of the sedimentation and
every 1 hour during the consolidation stage.

The determination of sediment property follows givecedure described in section
5.2.2. First, the gelling concentration is estirdattgom the evolution of measured
concentration profiles (Villaret et al., 2010). Fsivort period (within 3 hours), the profiles
near the bottom are concave, while in the long-tena (from 3 hours), the profiles become
convex. Since the concave shape indicates the moess advection scheme (permeability
effect) and the convex one represents the diffustreme (effective stress) as analysed in
Van & Pham Van Bang (2011), the gel point is estadaequal to 0.12. The floc density is
then determined equal to 1192 kd/rthe floc mean characteristics such as mean damet
(Ds = 130 um) and fractal dimension; € 2.39) are estimated knowing that the latter give
values higher than 2.2 for sediment of high conegioins (Winterwerp & Van Kesteren,
2004). The determined sediment property gives énmihal settling velocity equal to 1.8
mm/s, assuming of spherical grains and small Reljgnalmber.

The exponenh is the last parameter needed to achieve caliloralfibe value of 9.5 is
obtained from the fitting of computed concentratpofiles on experimental data, which is
presented in Fig. 5.5.

For this test case, the proposed mMLB model irirthed rich’ case reads:

1 _ A\ 2 Py~ P
Wi ‘(1 §”f) @ %)|:Wf,0p ~

f w

1-¢ )} (5.14)

A good agreement is observed for concentrationilpeobbtained at the early stage
(first hours) of the processe. during the hindered settling regime.

5.4.2 Sand-kaolin mixture

This last test concerns a mixture of Kaolin anddsimom Fontainebleau (France). It is
a batch settling column (1.5 m height) which igrimsiented by Gamma ray probe to measure
the density profiles at different times. The testdetailed in Nguyen et al., 2007, Nguyen,
2008 from the University of Nantes (France). Thelitais a reference cohesive material with
primary particle size of 2 um. The sand of Fontaleau (France) is also considered as a
French reference material in soil mechanics. Tamlshas a mean diameter of 199 um. In his
study, the author performed two tests to highlitite difference between the case of pure
cohesive sediment and the case of sand-mud mixthis.strategy enables us to validate our
model for the pure cohesive case (same proceduresastion 5.4.1.2) then for the sand-mud
case with the calibrated parameters for the mud.

5.4.2.1 Kaolin case

This preliminary test is a pure kaolin suspensiohictv is prepared at initial
concentration of 100 gfi.e. the volume fraction is 0.037. The gel point isetdletined equal to
0.20 by the author Nguyen et al., 2008. AccordiagAparcio et al (2004), the fractal
dimension for kaolin ranges in between 2.38 and,2vwhich is high compared to natural
mud. In this case, the fractal dimension is catdmteequal to 2.41. Then the diameter of the
kaolin flocs is determined equal to 30 um accordimd=qg. 5.3 of Kranenburg (1994). The
terminal settling velocity of kaolin is then calatéd using Eqg. 5.4 assuming of spherical
grains and small Reynolds number. This gives tiieevaf 0.164 mm/s.
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The exponent is calibratedrf = 12.5) in order to obtain the best-fit betweerdelted
and measured concentration profiles.

For this case, Eq. 5.14 is also used with the ptsly detailed physical parameters.
Figure 5.6 presents the comparison between expet@inand model concentration profiles
for the first 2 hours. A good agreement is observed
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FIGURE 5.6 - Modelled versus measured vertical concentrgirofiles in sedimentation
regime of Kaolin at different times

5.4.2.2 Kaolin-sand case

The next step is the simulation of sand-mud cake. Mixture is also prepared at the
initial total concentration of 100 g/l with 80 %dian (¢ = 0.03) and 20 % sandaE= 0.007).
For the kaolin component, the same physical parensi€k= 2.41,D;= 30pum,ge = 0.20) are
used, hence only sand parameters and the expomeed to be calibrated.

Since the mean diameter, density of sand, and rh&liconcentration of both
constituents are known (Table 5.1), the only patam&f the sand fraction which needs to be
calibrated is the viscosity ratiqy/lo. This viscosity correction is a key modificatiam our
model. As argued in section 5.2.3, this term ersthle equality betweems andw; which is a
necessary condition to simulate the trapping eftéctand particles in the muddy matrix. In
this study, it is noticed that the settling vel@st are overestimated without this viscosity
correction.

The Krieger-Dougherty empirical model (Eq. 5.8)used to calculate the effective
viscosity. In Krieger-Dougherty model, two paramsgt@lo, @e) are provided as (0.001, 0.2).
The parameter is then calibrated in order to have good agreerbetween the simulation
and experimental results. This is satisfactory exaul witha = 23 as illustrated in Figure 5.7.
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However, it is worth noting that the value agfcan be strongly deviated depending on the
calibrated gel pointge:.
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FIGURE 5.7 - Numerical solution versus measured total vol@mecentration profileg in
sedimentation regime of the kaolin — sand mixture

Figure 5.7 compares the simulated and experimeotal volume concentration
profiles at different times. A good accordancebseyved between the measurement and the
model with the proposed values for the parameteisrieiger-Doughertyj.e. (Mo, @el, @) =
(0.001, 0.2, 23). In this test case, these valugsespond to a viscosity correctiopg/|,
roughly equal to 1/43. This factor varies littlerithg the experiment as explained in the
following.

Figure 5.8 presents the time evolution of concéwimaprofiles for each constituent.
Since only total solid fraction are available frdBamma ray technique in Nguyen et al.
(2007), Nguyen (2008), these results on conceatraprofiles for each species should be
considered as predictions. They enable a similalyais to that provided in figure 5.3 for bi-
disperse granular suspension. As mentioned inse&i3.3, different zones are observed
along the vertical in figure 5.8 because of thersgation effects. If only small (light) grains
are present in zone B, both types of grains areddanzones C-D. This means that the
segregation of sand-mud is only partial, or the nfiattion in the bottom layer is not
negligible. The model results on concentration iprsfof mud constituent predicts that the
mud concentration varies little at the bottom regamd is lower than 0.09. As a first result,
the viscosity correction is quite constant in tl@gion. Furthermore, the kaolin concentration
value is predicted lower than 0.09 and the sandertdretion value within the range [0.006,
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0.3]. In other terms, the model predicts that tiaesvector(@, @) should always stay away
from the unstable (elliptic) zone of Figure 5.1c.’
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FIGURE 5.8 - Numerical solution forg,_., ¢, at different times of the kaolin — sand
mixture

5.5 Conclusions

The purpose of this study is to propose a hindexeitling model for sand-mud
mixtures. The self-weight consolidation (or compgib#ity) stage of the sediment bed is out
of the objective. However, despite this simplifioat the difference in physical processes
during settling between the two types of sedimentses many complexities in modelling the
evolution of concentration profiles.

From the bi-disperse environment, two existing niodee analysed and compared in
order to propose an extension to the case of codv@sin cohesive mixtures. The mD&G
model proposed by Cuthbertson et al. (2008) isadribe considered models. This model was
originally developed by Davis & Gecol for the casienon-cohesive bi-disperse and then
adapted for sand-mud mixture by Cuthbertson €R80D8). However, this model has not been
yet validated against experimental data.
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In this study, the MLB model is extended to theecas sand-mud mixtures through
two main modifications. First is the correction the effect ofbuoyancy resulting from the
increase of the total volumetric particle conceidra Second is the viscosity correction for
the sand component in suspension. The latter endbée equality ofvs andw; which is a
necessary condition to describe the trapping ofl saains in the gelled muddy matrix. This
effect is not observed in the mD&G model.

Through the stability analysis, we conclude thanpared to the mD&G modelthe
mMLB model is more relevant for mud flocs and sgnains mixture since instability region
is never observed for grains sharing the same tyeokiwhatever size ratios. For particles
having the same size but differing in the fractahe@hsion or density, instability zones in the
phase plane are produced for both mod&lsm the two above points, the mMLB model is
proved better than the mD&G model in terms of pbgisprocesses description and stability,
and is validated against experimental data.

In this paper we present a one-dimension coupledenical model for the hindered
settling of sand-mud mixture. More specifically, e@nsider a shock capturing technique that
is based on ADER-WENO algorithm combined with aalo®G method to provide a
sufficient accurate scheme (in space and in tiffile¢. algorithm was developed by Dumbser
et al (2008).

The novelty of this paper is the access to diffesmts of experimental data including
pure sand (Pham Van Bang et al., 2008, Nguyen,e2@09), pure mud (Villaret et al., 2010),
bi-dispersed non cohesive mixture (Burger et @113 and cohesive-non cohesive mixture
(Nguyen et al., 2007, Nguyen, 2008). Through thedelation tests (from mono-disperse to
bi-disperse, non-cohesive to cohesive) the modetased to not only capture well the sand-
mud mixture case but also cover a large range ifcgbility.

However, our model still induces some limitatioR#st, in this study, we assume a
constant fractal dimensiom;. This is a classical assumption which is very fcat for
modelling. However, chemical engineers (who wererig do not agree with this assumption.
According to them, the fractal dimension should yvadepending on the sediment
concentration.

Second, the predictive capacity of the model hanb®ot investigated. Within this
study, only one test case of sand-kaolin mixtuieissidered for the calibration of the model.
A second set of@°, ¢°) would be useful for a validation step.

Furthermore, the non intrusive technique used endkperiments measures the total
solid fraction instead of the volumetric concentmatof mud flocs and sand separately. In the
near future, a more detailed measurement on ca@sin cohesive mixture, with the access
to volume concentration profiles of two speciesidsand mud, is expected to provide a more
accurate validation of the model.
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General conclusions

Recall of the objective of the study

Despite tremendous progress in the developmenDom@2rphodynamic models, the
numerical modelling of the complex interacting seeint transport processes and bed
evolution remains a challenging task. This is patérly true for the Gironde estuary,
characterized by strong tidal forcing and high rageneity in the sediment bed composition,
with the alternate presence of mud, sand and samdmxtures. Here we focus our interest
on the central part of the estuary, where drastid bvolutions have been observed, with
important related economical issues and environah@npacts.

The present study emphasizes the importance of sa@hesediment transport
processes, namely sedimentation-consolidation psese of cohesive sediment, in
morphodynamics models. A new method is proposed far sediment sedimentation and
consolidation which has been validated for mudedsiiom the Gironde estuary. We propose
also an extension to non-cohesive/cohesive sedimertures. The effect of cohesive
sediment transport processes and more particuthdyeffect of bed consolidation on medium
term bed-evolution, has been highlighted. The modelwork is based on the open source
finite element Telemac system (release 6.1)wafw.opentelemac.ojg

Our main objective is to develop a 2D (depth-avedygnorphodynamic model for
cohesive sediments which takes into account andigisethe cohesive sediment bed structure
as consolidation proceeds. The key process of ssdanon-consolidation has been
integrated in the 2DH sediment transport and matghamic model SISYPHE. This
morphodynamic model is then applied to the cergeat of the Gironde estuary to estimate
the effect of cohesive sediment processes on thehudynamics. To accomplish this
ambition, different physical processes of cohesgdiment are investigated, including the
sedimentation-consolidation and erosion-deposipoocesses. We present also an original
method to predict the natural variability of the esive sediment bed structure.

This morphodynamic model for pure cohesive sedinstiitneeds to be combined
with the pure non-cohesive sediment transport agprdaf. Huybrechts et al.,, 2012b) in
order to achieve a fully realistic representatidrth@ complex heterogeneous nature of the
sediment bed. A general framework to account faceg processes of sand/mud mixtures
(namely the segregation and trapping effect of santhe muddy suspension) is finally
presented.

Summary of the main achievements of this researchawk
Achievement in modelling of sedimentation-consolid&n of the Gironde mud

In this study, we present a novel approach to deter the closure equations for
sedimentation-consolidation based on an analysexpérimental concentration profiles. The
self-similar asymptotical method is used to segatiaé two sedimentation (convection) and
consolidation (diffusion) regimes. For sedimentatioegime, we extend the classical
expression for hindered settling proposed by Riutbam & Zaki (1954) to cohesive sediment
in order to enable a zero settling velocity for aamtcations close to the gelling point. And the
method of characteristics is applied to solve tbavection equation. For concentrations
larger than the gel point, the problem becomesralinear diffusion equation. This is also
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solved by self-similar solution. More importanttiie time dependence of the effective stress
is introduced in our formula.

These proposed closure equations are then integratdtie sedimentation and
consolidation models. Three different models arpl@mented in the morphodynamic model
SISYPHE and tested against the settling column teguérformed at the Saint Venant
Laboratory for Hydraulics (LHSV).

e Model 1: first order kinetics multi-layer model
* Model 2: Gibson multi-layer model
* Model 3: Gibson vertical grid model

An overall good agreement between the simulated #ed measured vertical
concentration profiles for all three models is aleed. For Model I, the correct results are
obtained by choosing a good set of transfer cdeffts a. However, one weakness of this
model is the shape of concentration profiles obthifrem this model does not change
between sedimentation and consolidation regimes."Model 2 and “Model 3, the good
results confirm good closure equations of bed pahbiiey and effective stress that we
proposed. Moreover, the separation between the ctiduwe (permeability) and diffusion
schemes (effective stress) is observed in the tweoess-based models through changes
observed in the shape of the concentration prdiitea convex to concave.

“Model 2 which is a “multi-layer iso-concentration modediias been selected for
morphodynamic modelling purposes since it giveshibst agreement with reasonable CPU
time. More importantly, the framework is based loa Gibson equation and, can be applied to
both sedimentation and consolidation regimes. Tiagvlblack of this model is, however, its
dependency on the determination of the permealaifity effective stress parameters (Thiebot
et al., 2011).

Sand-mud mixtures modelling

As a first attempt to deal with sediment mixture,Rart 5, the effect of hindered
settling on sand-mud mixtures is studied both tbcally and numerically. The flocculation
of cohesive sediments is also involved in the mo@leé model is not only able to simulate
sand-mud mixtures but can also cover a large rahgeplicability (from mono non-cohesive
to cohesive sediments). An extension of the modetdnsolidation process of sand-mud
mixtures is expected in the near future. This pa$ been submitted for publication in
Advances in Water Resources.

Modelling of erosion — deposition of the Gironde md

In Part 3, the erosion-deposition experiments peréar in the annular flume at the
RWTH laboratory are simulated. The major advantafiehis flume is that it offers a
recirculating flow which is best suited for invegtiion of cohesive sediment transport
(Schweim et al., 2010). The tested mud is samplad the Patiras bank in the center part of
the Gironde estuary.

After calibration of depth-averaged suspended auinggon, a good agreement
between measured and modeled erosion and depo#fiixes is obtained. Through these
simulations, a set of parameters for erosion argbslgon is calibrated. However, we are
aware that these parameters are obtained undexcaveholled laboratory conditions which
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are much different from estuarine conditions. Furddjustment of those erosion/deposition
parameters is therefore necessary in the morphatigrepplication.

Morphodynamic modelling

An existing 2DH morphodynamic model for the Girondstuary developed by
Huybrechts et al.( 2012a, b) for non-cohesive sedisiis extended to account for cohesive
sediment properties. The calibration of the erosind deposition law parameters is based on
the calibrated values for laboratory experimentstaained in Part 3. Moreover, the effect of
consolidation is taken into account through the lem@ntation of a 1DV Gibson-based
sedimentation-consolidation model (Thiebot et aD11). Special attention is paid to the
initialization of the cohesive sediment bed struethe spatial variability of the initial bed
structure is predicted in the model by running thedel for a 1-year pre-simulation
considering both transport and consolidation preegsbut no bed evolution. Comparisons
between measurements and model results are achiewetboth suspended sediment
concentration records and medium term (5-year)léesl changes in the central part.

Qualitatively, the bed evolution is, overall, inagbor medium agreement with the 5-
year differential bathymetry. The exact locationsgfsion areas (near the submerged dike)
and deposition areas (downstream of the Patirasdslon the Trompeloup and the Saint-
Estephe banks) are observed in the models. Nelesthethe deposition rate is under-
estimated. Several sources of errors can be idmhtfuch as: the neglect of dredging and
disposal activity, the limitation inherent to thBR approach, or the simplified assumption of
a pure cohesive bed instead of cohesive and noescahmixture as observed in situ.

Experimental work

This study combines both the numerical and experatenvorks.The first chapter
gives a literature review on the available hydrodyitaand sediment data of the studied site.
This part explains the necessity of a new campeigirder to get more detailed information
on the sediment bed composition and to collect bederial in order to perform new
laboratory experiments.

This chapter describes in details the experimempcising the granulometry
analysis, the settling column test and the eroaiwh deposition experiments. The objectives
of this new series of experiment are:

* To achieve a better understanding of the sedimesttilalition along the
estuary

» To provide a data set for calibrating the sedim@maconsolidation models

* And to determine a best fit set of erosion-defjpmsiparameters

Outlook for future works

Several improvements of the present 2D morphodynamodel could be
accomplished to achieve a more accurate, completerigeon of sand/mud transport, and
interacting processes. The main points are addidsdew:

Dredging and disposal activity
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Among different factors which increase the uncattaiof sediment transport
modelling approach, the effect of human activisé needs to be accounted for in priority.
In the Gironde estuary, since the dredging and dggn@ctivities have an un-ignored impact
on the morphological development of the estuary (@.B, 2002), it is recommended to take
into account the volume and the location of dredged dumped sediments in the model.
Coupling with existing dredging monitoring toolkdithe DredgeSim (Maerker & Malcherek,
2010) module would significantly improve the modesults.

2DH approach

Secondly, the limitation of our model is inheremtiie 2D (depth-averaged) approach
which does not allow to represent the vertical cdtme of the flow field and sediment
concentration, and therefore to account propemystatification effects. In the 2D approach,
we assume logarithmic velocity profile and unifosediment concentration, which is clearly
not the case in the Gironde estuary.

In the Gironde estuary, the vertical gradient (Whéxpresses the water stratification)
is at its maximum in the Navigation channel (Jouaon& Latouche, 1981). When the
discharge is heavy, the mixture of freshwaterisaler is less marked, the salt stratification is
more apparent and the vertical gradient is moraguoced. The maximum vertical gradient
attained in the Navigation channel occupies a za@h&h oscillates according to fluvial
discharge: around PK 68 at lowest water and doeastrfrom PK 89 during flood.

This stratification effect is also observed in thamation of turbidity maximum in the
central part of the estuary. Indeed, the minimaadmeost always located on the surface and
the maxima on the bed. According to Jouanneau &ugcite (1981), during a two year period
(1975-1976), the mean minima and maxima conceatratior the central part of the estuary
(PK 35 to PK 80) were observed:

* Mean minima: 110 mg/I
*  Mean maxima: 3300 mg/I

The large difference between those two extremedisiresses the high stratification
in concentration in the Gironde estuary.

The 2DH approach (Telemac-2d/Sisyphe) has the &agann computational cost
compared to the full Telemac-3D simulation. Howeveowaday, since the TELEMAC
system can be run in parallel mode, this optimisateduces largely the computational time.
The Telemac-3D model becomes more robust in boysigdl and numerical aspects, and
should be applied to the Gironde estuary in orderapture the vertical structure of currents
and estimate more accurately the resulting seditn@nsport rate

Sediment mixture

Finally, the Gironde estuary is characterised lrgdaheterogeneity in the sediment
bed composition, consisting of sand, mud and sand-mixtures. In order to simulate
properly the sediment dynamics in the estuary,itieraction between both cohesive and
non-cohesive sediments needs to be taken into atcBhysical processes associated with
sand-mud mixtures, such as the sedimentation-coiasioin process, the flocculation - de-
flocculation process and the specific property eflisent mixtures still need further
development.
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Appendices

A.1.1 Granulometry results

serré étalé bidisperse seré etale bidisperse
136 2,5 5
174,5 3,8 9,65 d10 ;
d1o 514 18 66 213 5.1 14,3
430 254 10 117 d30 201 6,5 15
75,0 49 144,2 307 13,5 219
d50 289,5 18,4 164,5 d50 247 11,8 34
60,1 9,3 184,6 332 25 295
d60 318,5 22,7 193,5 d60 279 13,4 53
55,9 13,2 198,7 358 32 334
d90 406,5 50 406,5 490 351 33,3 351
78,5 23,6 78,5 462 66,7 462
Cu 1,8252149 5,97368421 20,0518135
(serré = tight, étalé = dispersed, bidisperse = loispersed)
Mono-dispersed, tight particle size:
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Bi-dispersed :
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A.2.1 Fortran code of “Model 2"

| *kk K h*IIIFFTI**IK KKK

SUBROUTINE TASSEMENT_2

] Kkkkkkkkkkkkkkkkkkkkkkk

*(ZF,NPOIN,DTS,ELAY,DZF_TASS,T2,LT,XMVS,XMVE,G

* ES,CONC_VASE,MS_VASE,XWC,COEF_N,CONC_GEL,CON

|
| *kkkkkkhkkkhkkhhkkhhkhhkkkhhkkkhkkhhkkkkkkkkkkkkkkhkkkx

I SISYPHE V6P2

| * * * * * * Fkkkkkkkkkkk * *
!

Ibrief COMPUTES THE CONSOLIDATION BASED ON GIBSO
I+

!

lhistory Lan Anh Van (LHSV)

I+ 10/01/2011

I+ V6P2

I+ First version in test (not yet called in curre

RAV,NOMBLAY,
C_MAX)

kkkkkhkkkkhkkkkhkkkkkkkk

13/01/2012

* *kkkk

N THEORY

nt version 6.2)

I| COEF_N |-->| PERMEABILITY COEFFICIENT
Il CONC_GEL  |-->| GEL CONCENTRATION
Il CONC_MAX  [|-->] MAXIMUM CONCENTRATION
I| CONC_VASE  |<->| MUD CONCENTRATION FOR EACH LAYER
I| DTS |-->| TIME STEP FOR SUSPENSION
I| DZF_TASS  |-->| BED EVOLUTION DUE TO CONSOL IDATION
I| ELAY |<->| THICKNESS OF EACH LAYER
I| ES |<->| LAYER THICKNESSES AS DOUBLE PRECISION
I| GRAV |-->| GRAVITY ACCELERATION
I| LT |-->| ITERATION
IIMS_VASE  |<->| MASS OF MUD PER LAYER (KG/M 2)
I NOMBLAY  |-->| NUMBER OF LAYERS FOR CONSOL IDATION
I| NPOIN |--> NUMBER OF POINTS
I| T2 |<->] WORK BIEF_OBJ STRUCTURE
I| XMVE |-->| WATER DENSITY
I| XMVS |-->| SEDIMENT DENSITY
I| XWC |-->| SETTLING VELOCITY
I| ZF |-->| ELEVATION OF BOTTOM
|
I
USE BIEF
USE DECLARATIONS_SISYPHE, ONLY : NLAYMAX
USE INTERFACE_SISYPHE, EX_TASSEMENT 2 =>TASS  EMENT_2

IMPLICIT NONE
INTEGER LNG,LU
COMMON/INFO/LNG,LU

|

e S S S S e

|
INTEGER,INTENT(IN) = NPOIN
INTEGER, INTENT(IN) = LT,NOMBLAY
DOUBLE PRECISION, INTENT(IN) :: DTS
DOUBLE PRECISION, INTENT(IN) :: XMVS,XMVE,
TYPE (BIEF_OBJ), INTENT(INOUT) :: DZF_TASS,E
DOUBLE PRECISION, INTENT(INOUT) :: MS_VASE(NP
DOUBLE PRECISION, INTENT(INOUT) :: ES(NPOIN,N
DOUBLE PRECISION, INTENT(IN) :: CONC_VASE(

174

s ST S

GRAV

LAY, T2,ZF
OIN,NOMBLAY)
OMBLAY)
NOMBLAY)



DOUBLE PRECISION, INTENT(IN) :: XWC
DOUBLE PRECISION, INTENT(IN) :: COEF_N,CON
I
e T
I
INTEGER 1,J
I FALLING VELOCITY OF EACH LAYER
DOUBLE PRECISION V_S(NLAYMAX)
I EFFECTIVE STRESS OF EACH LAYER
DOUBLE PRECISION SIG_EFF(NLAYMAX)
I PERMEABILITY
DOUBLE PRECISION KSED(NLAYMAX),KCONSO(NLAYMAX
I SEDIMENT FLUX BETWEEN TWO CONSECUTIVE LAYERS
DOUBLE PRECISION FLUX(NLAYMAX)
I DIFFUSION TERM
DOUBLE PRECISION DIFFU(NLAYMAX)

kkkkkkkkkkkkkkkkkkkkkkkkkkhhkkhkkkkhkkhkhkkkhkkkk

* PROGRAM SIMULATING THE SEDIMENTATION-CONSOL

*% * * * * * *%

DO | =1,NPOIN
T2%R(1)=0.D0
DO J=1,NOMBLAY
T2%R(1)=T2%R(I)+ES(1,J)
ENDDO
¢ DEPENDING ON THE CLOSURE EQUATIONS,
C  THE INPUT CAN BE EFFECTIVE STRESS OF DIFFU
KC*DSIGMA/DC/(G*RHO_F))
¢  EFFECTIVE STRESS
C
!
|
I
C

DO J = 1,NOMBLAY
SIG_EFF(J)=

ENDDO

DIFFUSION TERM

DO J = 1,NOMBLAY
DIFFU(J)=11.55D0*(CONC_VASE(J)/(XMVS*0.

& (LT*DTS)**(-3.4d0)
ENDDO
PERMEABILITY

DO J=1,NOMBLAY-1
C  SEDIMENTATION
KSED(J)=XWC*(1.D0-CONC_VASE(J)/XMVS)*
& (1.D0-(CONC_VASE(J)/CONC_GEL))
& ((XMVS-XMVE)*(CONC_VASE(J)/XMV
C  CONSOLIDATION
KCONSO(J)=XWC*(1.D0-CONC_VASE(J)/XMVS)

& (1.D0-(CONC_VASE(J)/CONC_MAX))
& ((XMVS-XMVE)*(CONC_VASE(J)/XMV
ENDDO

DO J=1,NOMBLAY-1
IF(LT*DTS.GT.11000.D0) THEN

SEDIMENTATION AND CONSOLIDATION :

CALCULATE FROM DIFFU
IF ((ES(1,J+1) + ES(1,J)).gt.1.d-8) THE
V_SQ) =
& KCONSO(J) * CONC_VASE(J) * (1.D0/
& + DIFFU(J)/CONC_VASE(J)*
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C_GEL,CONC_MAX

s ST S

)

kkkkkhkkkkhkkkkhkkkkkkkk
IDATION *
* * *

*kkkk

SION TERM (=

0296d0))**12.d0*

*COEF_N/
S)/XMVE)

*

*COEF_N/
S)/XMVE)

N

XMVS - 1.DO/XMVE)



c

o0

o000

0o oo

& (CONC_VASE(J+1)-CONC_VASE(J))/
& (0.5D0 * (ES(1,J+1) + ES(1,3)))
CALCULATE FROM SIG_EFF
V_SQ) =
KCONSO(J) * CONC_VASE(J) * (1.D0
+ (KCONSO(J) / (XMVE * GRAV)) *
(SIG_EFF(J+1) - SIG_EFF(J)) /
(0.5D0 * (ES(1,d+1) + ES(1,d)))
ELSE
V_S(J) =1.d8
ENDIF
ELSE
PURE SEDIMENTATION :
V_S(J) = KSED(J)*CONC_VASE(J)*(1.
ENDIF
ENDDO

&
&
&
&

DO J=1,NOMBLAY
IF (V_S(J).gt.0.d0) V_S(J) = 0.d0
ENDDO

FALLVING VELOCITY AT THE LEVEL OF ZR (AT T
V_S(NOMBLAY) = 0.D0

SEDIMENT FLUX :

DO J=NOMBLAY-1,1,-1

FLUX(J) =
*  (V_S(J)-V_S(J+1))*CONC_VASE(J+1)*CONC_V
* (CONC_VASE(J+1)-CONC_VASE(J))
IF (FLUX(J).gt.0.D0) FLUX(J) = 0.D0
ENDDO

SEDIMENT FLUX AT THE RIGID BED
FLUX(NOMBLAY) = 0.D0

REDISTRIBUTE THE MASS :

RECALCULATE THE FLUX FROM LAYER 1 TO NCOUC
IF ((MS_VASE(],1)+DTS*FLUX(1)).LT.0.D0) T
FLUX(1) = -MS_VASE(I,1)/DTS
ENDIF
DO J=2,NOMBLAY
IF ((MS_VASE(],J)-DTS*(FLUX(J-1)-FLUX(J
FLUX(J) = -MS_VASE(1,J)/DTS + FLUX(
ENDIF
ENDDO
MASS OF FIRST LAYER
MS_VASE(l,1)=MS_VASE(l,1)+DTS*FLUX(1)
MASS OF LAYER 2 TO NCOUCH_TASS
DO J=2,NOMBLAY
MS_VASE(l,J) = MS_VASE(l,J) - DTS * (FL
ENDDO

THICKNESSES
ELAY%R(1)=0.D0

DO J=1,NOMBLAY
ES(1,J) = MS_VASE(l,J) / CONC_VASE(J)
ES(1,J)=MAX(ES(I,J),0.D0)
ELAY%R()=ELAY%R(l) + ES(1,J)
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/IXMVS - 1.DO/XMVE)

DO/XMVS-1.DO/XMVE)

HE BED)

ASEQ)/

H_TASS
HEN

))).LT.0.D0) THEN
J-1)

UX(3-1)-FLUX(J))



ENDDO
C  BED EVOLUTION DUE TO CONSOLIDATION
DZF_TASS%R(I)=ELAY%R(I)-T2%R(l)
ENDDO
C END SUBROUTINE TASSEMENT _2
RETURN
END

2.2 Fortran code of “Model 3”

SUBROUTINE TASSEMENT_3

A.

C

C * * * *
C

C

*(ZF,NPOIN,DTS,ELAY,DZF_TASS,T2,LT,XMVS,XMVE,G
* ES,CONC_VASE,CONC,IVIDE,MS_VASE, XWC, COEF_N

C
C
C PROGRAMME APPELANT : SISYPHE
C SIG_EFF et CHARGE: tableaux de travail additionne
C PROGRAMMES APPELES : COEF,BISSEL
C
C

USE BIEF

USE DECLARATIONS_SISYPHE, ONLY : NLAYMAX

IMPLICIT NONE

INTEGER LNG,LU

COMMON/INFO/LNG,LU

CH-tototott bttt ottt ottt ottt oo h-

INTEGER,INTENT(IN) = NPOIN
INTEGER, INTENT(IN) = LT,NOMBLAY
DOUBLE PRECISION, INTENT(IN) :: DTS
DOUBLE PRECISION, INTENT(IN) :: XMVS,XMVE,
TYPE (BIEF_OBJ), INTENT(INOUT) :: DZF_TASS,E
DOUBLE PRECISION, INTENT(INOUT) :: MS_VASE(NP
DOUBLE PRECISION, INTENT(INOUT) :: ES(NPOIN,N
DOUBLE PRECISION, INTENT(IN) :: XWC
DOUBLE PRECISION, INTENT(IN) :: COEF_N,CON

! DOUBLE PRECISION, INTENT(INOUT) :: CHARGE(NO
DOUBLE PRECISION, INTENT(INOUT) :: CONC(NPOIN
DOUBLE PRECISION, INTENT(INOUT) :: CONC_VASE(
DOUBLE PRECISION, INTENT(INOUT) :: IVIDE(NPOI

C DOUBLE PRECISION, INTENT(INOUT) :: SIG_EFF(N

CH-t-t-t-t-t-t-tot-totottot -ttt bttt ottt -t

C LOCAL VARIABLES
INTEGER I,IPF,NDEB,J
DOUBLE PRECISION DSIGMA,DSIG1
DOUBLE PRECISION PE,DPE,S
DOUBLE PRECISION IVIDE_GEL, IVIDE_MAX
DOUBLE PRECISION IVI_SED,IVI_CONSO,ECOUCH
DOUBLE PRECISION TRAO1(NOMBLAY+1,6)

! DOUBLE PRECISION SIG_EFF

[@ 2

S = XMVS/XMVE
IVIDE_GEL=(XMVS-CONC_GEL)/CONC_GEL
IVIDE_MAX=(XMVS-CONC_MAX)/CONC_MAX

DO 1=1,NPOIN
T2%R(1)=0.D0
DO J=1,NOMBLAY
T2%R()=T2%R(I)+ES(1,J)
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CALCULATION OF THE VOID_RATIO AT GELLING POINT

RAV,NOMBLAY,
,CONC_GEL,CONC_MAX)

s (TRAO2 et TRAO3)

S S L

GRAV
LAY, T2,ZF
OIN,NOMBLAY)
OMBLAY)

C_GEL,CONC_MAX
MBLAY+1)
,NOMBLAY)
NOMBLAY)
N,NOMBLAY+1)
OMBLAY+1)

oottt

AND AT MAXIMUM CONCENTRATION



ECOUCH=(IVIDE(l,J)+IVIDE(l,J+1))/2.D0
IChangement de coordonnA®©es
ES(1,J)=ES(1,J)/(1.DO+ECOUCH)
ENDDO
! WEIGHT SUPPORTED BY SOLID SKELETON
! CHARGE(1)=0.D0
C
DO IPF=1,NOMBLAY+1
C PERMEABILITY PE (PE=K/1+E)
IF(LT*DTS.LT.11000.D0) THEN
! SEDIMENTATION REGIME
IVI_SED = (IVIDE(l,IPF)-IVIDE_GEL)/(1+
PE = XWC*IVIDE(],IPF)/(S-1.D0)*IVI_SED
& (1.DO+IVIDE(LIPF))
C DERIVATIVE OF PE RELATIVE TO IVIDE :
DPE = XWC/(S-1.D0)*IVI_SED**COEF_N/(1.

& +XWCHVIDE(I,IPF)/(S-1.D0)*IVI_S
& COEF_N*(1.D0/(1.DO0+IVIDE(I,IPF))
& (IVIDE(L,IPF)-IVIDE_GEL)/(1.D0+|

& (IVIDE(L,IPF)-IVIDE_GEL)-XWC*IVI
& IVI_SED**COEF_N/(1.DO+IVIDE(L,IP

! DERVATIVE OF EFFECTIVE STRESS RELATIVE TO IVIDE

DSIGMA =-0.002d0*(1.D0/(1.d0O+IVIDE(I,I
& (0.0296d0**11.DO)*
& (LT*DTS)**(-3.4d0)*XMVE*GRA
ELSE

| CONSOLIDATION REGIME

IVI_CONSO= (IVIDE(L,IPF)-IVIDE_MAX)/(1

PE = XWC*IVIDE(],IPF)/(S-1.D0)*IVI_CON
(1.DO+IVIDE(L,IPF))

DPE = XWC/(S-1.D0)*IVI_CONSO**COEF_N/
(1.DO+IVIDE(I,IPF))+
XWCHVIDE(L,IPF)/(S-1.D0)*IVI_CO
COEF_N*(1.D0/(1.D0+IVIDE(l,IPF))
(IVIDE(1,IPF)-IVIDE_MAX)/(1.DO+I
(IVIDE(1,IPF)-IVIDE_MAX)-XWC*IVI
IVI_CONSO**COEF_N/(1.DO+IVIDE(,

| DERVATIVE OF EFFECTIVE STRESS

DSIGMA = -11.55d0%(1.D0/(1.d0+IVIDE(,

Ro R0 RoRoRo R0 Ro

& (0.0296d0*11.DO)*
& (LT*DTS)**(-3.4d0)*XMVE*GRA
ENDIF
C BOTTOM

IF (IPF.EQ.NOMBLAY+1) DSIG1=DSIGMA
TRAOL(IPF,1)=((XMVS/XMVE)-1.D0)*DPE
TRAOL(IPF,2)=-1.D0/(XMVE*GRAV)*DSIGM

ENDDO

[J— COMPUTES THE BISSEL COEFFICIENTS -----
CALL COEF(IVIDE(I,:),ES(l,2),
& TRAO01,NOMBLAY+1,NOMBLAY+1 ,XM
& XMVS, GRAV, DTS, DSIG1)

CALL BISSEL(IVIDE(l,:),TRA01,NOMBLAY+1,
& NOMBLAY+1)
! ENDIF
C CALCULATE LAYER THICKNESSES
ELAY%R(1)=0.D0
DO IPF=1,NOMBLAY
ECOUCH=(IVIDE(I,IPF)+IVIDE(l,IPF+1))/2
CONC(I,IPF)=XMVS/(1.DO+ECOUCH)
CONC(I,IPF) = MAX(0.D0,CONC(l,IPF))

C retour coordonnA®es ES
ES(I,IPF)=ES(l,IPF)*(1.DO+ECOUCH)
ES(I,IPF) = MAX(0.DO,ES(l,IPF))

ELAY%R()=ELAY%R(I) + ES(I,IPF)
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IVIDE(1,IPF))
“*COEF_N/

DO+IVIDE(I,IPF))
ED**COEF_N*
VIDE(LIPF))**2)/
DE(I,IPF)/(S-1.D0)*
F)~2
PF)))**11.d0/

VIPE

+IVIDE(l,IPF))
SO**COEF_N/

NSO**COEF_N*
VIDE(LIPF))**2)/
DE(,IPF)/(S-1.D0)*
IPF))**2
IPF)))**11.d0/

V/PE

A*PE

VE,

.DO



ENDDO
C  BED EVOLUTION DUE TO CONSOLIDATION
DZF_TASS%R()=ELAY%R(I)-T2%R(l)
ENDDO
C _____________________
C FIN SUBROUTINE TASSE_LENORMANT
RETURN
END
CV 04/05/2010
CV AC(NSICLA)
|

kkkkkkkkkkkkkkk

SUBROUTINE COEF

! kkkkkkkkkkkkkkk

!
& (IVIDE, ES_CLN, TRAO1 ,NPFMAX,
&  IMAX, XMVE,XMVS,GRAYV,

& DTS ,DSIG1)
|

| * * * * * *

I TELEMAC 3D VERSION 5.1 13/05/92 C LE NORMA NT (LNH)30 87 78 54
I FORTRAN95 VERSION MARCH 1999 JACEK A. JANKOWSKI PINXIT
!
FONCTION: CALCUL DES COEFFICIENTS ISSUS DE LA DISCRETISATION DE
L'EQUATION DIFFERENTIELLE REGISSANT LA CONSOLIDATION

DU FOND VASEUX-

|

|

|

|

|

1

! ARGUMENTS

|

'| NOM  |MODE] ROLE

!I I I

| IVIDE [-->| INDICE DES VIDES AUX POI NTS DU MAILLAGE |
H | | (MAILLAGE SELON UNE V ERTICALE) |

| EPAI |-->| EPAISSEURS DES MAILLES |

| TRAO1 |-->| TABLEAU DE TRAVAIL |

'|  NPFMAX |-->| NOMBRE MAXIMUM DE PLANS HORIZONTAUX |
H | | DISCRETISANT LE FOND VAS EUX |

'| IMAX |-->| NOMBRE DE POINTS DU MAIL LAGE |

| RHOS |-->] MASSE VOLUMIQUE DU SEDIM ENT |

| GRAV |-->| ACCELERATION DE LA PESAN TEUR

| DTC |->| PASDE TEMPS DU PHENOMEN E DE CONSOLIDATION |
| DSIG1 |-->| DERIVEE DE LA CONTRAINTE EFFECTIVE |

H | | AUPREMIER POINT DU MAIL LAGE |

H I I I
I MODE : -->(DONNEE NON MODIFIEE), <--(RESULTAT), < —->(DONNEE MODIFIEE)

e mmmmmemee e
! PROGRAMME APPELANT : TASSEM

| kkkkkkkkkkkkkkkkkkhkk

IMPLICIT NONE
C
O e
C

INTEGER, INTENT(IN) :: IMAX,NPFMAX
!

DOUBLE PRECISION, INTENT(INOUT) :: TRAOL1(NPF MAX,6)

DOUBLE PRECISION, INTENT(IN) :: ES_CLN(NP FMAX-1)

DOUBLE PRECISION, INTENT(IN) :: IVIDE(NPF MAX)

DOUBLE PRECISION, INTENT(IN) :: GRAV,XMVS XMVE,DTS , DSIG1
C
CHt-tottotottotototototototototototodotototott- S S e

C LOCAL VARIABLES
INTEGER I,IPF , NDEB
DOUBLE PRECISION A, D
NDEB =1
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DO IPF=NDEB,IMAX
TRAO1(IPF,3)=0.D0
TRAOL(IPF,4)=1.D0
TRAO1(IPF,5)=0.D0
TRAOL(IPF,6)=0.D0

END DO

[J— CALCUL DES COEFFICIENTS AUX POINTS DU M AILLAGE-----
¢ ..POINT DE L'INTERFACE:
TRAO1(NDEB,6)=IVIDE(NDEB)

! ..POINTS INTERIEURS:
DO IPF=NDEB+1,IMAX-1
IF (TRAOL(IPF,1).GE.1.D-10) THEN
A=TRAOL(IPF,1)/ES_CLN(IPF-1)

D=1.DO
ELSE
A=TRAOL(IPF,1)/ES_CLN(IPF)
D=0.DO
ENDIF
Cc
TRAOL(IPF,3)=DTS*(-D*A-(TRAO1(IPF,2)+TRAO1 (IPF-1,2))/
&  ((ES_CLN(IPF-1)+ES_CLN(IPF))*ES_CLN( PF-1)))
C
TRAOL(IPF,5)=DTS*((1.D0-D)*A-
& ((TRAOL(IPF,2)+TRAOL(IPF+1,2) )/
&  ((ES_CLN(IPF-1)+ES_CLN(IPF))*ES_CLN(l PF))))
Cc
TRAOL(IPF,4)=1.D0-TRAOL(IPF,3)-TRAOL(IPF,5 )

TRAOL(IPF,6)=IVIDE(IPF)
ENDDO
! ..POINT DU FOND:
TRAOL(IMAX,5)=-1.D0
TRAOL(IMAX,6)=(XMVS-XMVE)*GRAV*ES_CLN(imax- 1)/DSIG1
RETURN
END SUBROUTINE COEF

| kkkkkkkkkkkkkkkkk

SUBROUTINE BISSEL

| kkkkkkkkkkkkkkkkk

&(IVIDE, TRAO01,NPFMAX,IMAX)
!
I

! TELEMAC 3D VERSION 5.7 18/07/06 NOEMIE DURAND ET SEBASTIEN BOURBAN

! C LE NORMA NT (LNH) 30 87 78 54
I FORTRAN95 VERSION MARCH 1999 JACEK A. JANKOWSKI PINXIT

FONCTION: RESOLUTION D'UN SYSTEME DE IMAX EQU ATIONS AVEC POUR
INCONNUE E A L'INSTANT N+1-
METHODE DITE DE DOUBLE BALAYAGE

TRAO1 |-->| TABLEAU DE TRAVAIL |

I I I
! MODE : -->(DONNEE NON MODIFIEE), <-(RESULTAT), < ~->(DONNEE MODIFIEE)
e e

ARGUMENTS
| NOM  |MODE] ROLE

I

| IVIDE |<-| INDICE DES VIDES AUX PO INTS DU MAILLAGE |
| | |  (MAILLAGE SELON UNE VERTICALE) |

| NPFMAX |-->] NOMBRE MAXIMUM DE PLANS HORIZONTAUX |

| | | DISCRETISANT LE FOND VA SEUX |

| IMAX |-->| NOMBRE DE POINTS DU MAI LLAGE DUFOND |
|

I
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! PROGRAMME APPELANT : TASSEM
!
!

IMPLICIT NONE
INTEGER LNG,LU
COMMON/INFO/LNG,LU

INTEGER, INTENT(IN) :: IMAX,NPFMAX

DOUBLE PRECISION, INTENT(INOUT) :: IVIDE(NPFM
DOUBLE PRECISION, INTENT(INOUT) :: TRAOL(NPFM

DOUBLE PRECISION VAR, N_VAR, N_IVIDE
INTEGER K,I, NDEB, IPF
DOUBLE PRECISION EPS

kkkkkkkkkkkkkkkkkkkk

AX)
AX,6)

NDEB=1

EPS=1.D-8
DO IPF = IMAX-1,NDEB+1,-1
IF( ABS(TRAOL(IPF-1,4)).LT.EPS ) THEN
WRITE(LU,*) 'FLOATING EXCEPTION IN BISSEL
CALL PLANTE(1)
STOP
ENDIF
TRAOL(IPF,4) = TRAOL(IPF,4)-(TRAOL(IPF,3)*T
& ITRAOL(IPF+1,4)
TRAOL(IPF,6) = TRAOL(IPF,6)-(TRAOL(IPF,3)*T
& ITRAOL(IPF+1,4)
ENDDO

IF(ABS(TRAOL(NDEB,3)*TRA01(NDEB+1,5)

& -TRAO1(NDEB+1,4)*TRAOL(NDEB,4)).LT.E
WRITE(LU,*) 'DIVISION BY ZERO IN BISSEL 1 (
CALL PLANTE(1)

STOP
ENDIF

IVIDE(NDEB)=
& (TRAO1(NDEB,6)*TRA01(NDEB+1,4)-TRA01(NDEB,3
& (TRAO1(NDEB,4)*TRA01(NDEB+1,4)-TRA01(NDEB,3
C
DO IPF = NDEB+1,IMAX
IF( ABS(TRAOL(IPF,4)).LT.EPS ) THEN
WRITE(LU,*) 'DIVISION BY ZERO IN BISSEL
CALL PLANTE(1)
STOP
ENDIF
IVIDE(IPF)=(TRAOL(IPF,6)-TRAOL(IPF,5)*IVIDE
ENDDO
C
!
!

RETURN
END SUBROUTINE BISSEL

A.2.3 Test case of "Model 1”

/PROCESSEURS PARALLELES : 1

THE FLOATING POINT EXCEPTIONS ARE NOW CHECKED BE

FORE BEING USED

(CALLED BY TASSEM)'

RAO1L(IPF+1,5))

RAOL(IPF+1,6))

PS) THEN
CALLED BY TASSEM)'

)*TRA01(NDEB+1,6))/
)*TRA01(NDEB+1,5))

2 (CALLED BY TASSEM)'

(IPF-1))/TRAOL(IPF,4)

| CAS TEST DE TASSEMENT POUR MODELE DE TASSEMENT NO1

/| MATERIAU: VASE DE LA GIRONDE
/

L L L L s
/ FICHIER DE DECLARATION DES MOTS CLES DU CODE SIS  YPHE
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/

/
FICHIER DES CONDITIONS AUX LIMITES : cli.txt

FICHIER DE GEOMETRIE : geo
FICHIER FORTRAN . princi_tass1.f
/

FICHIER DES RESULTATS : tassl.res

STOCKAGE DES MATRICES : 3
/
TITRE = 'BLAYAIS - couplage telemac-sisyphe'

CAS PERMANENT = VRAI
MASS-LUMPING =0ul
BILAN DE MASSE = VRAI

/

VALIDATION = OUI

FICHIER DE REFERENCE = tassl.ref

/

/ENTREES-SORTIES, GRAPHIQUES ET LISTING
/
VARIABLES POUR LES SORTIES GRAPHIQUES =
'U,V,S,H,B,E,CS1,*CONC,**CONC,*ES,*ES'
/PARAMETRES NUMERIQUES

/
PAS DE TEMPS = 60.

/3 hours (sedimentation regime)

INOMBRE DE PAS DE TEMPS =181
/PERIODE DE SORTIE GRAPHIQUE =1
/PERIODE DE SORTIE LISTING =1

/68 hours (sedimentation+ consolidation regime)
/INOMBRE DE PAS DE TEMPS  =4080
/PERIODE DE SORTIE GRAPHIQUE = 10
/PERIODE DE SORTIE LISTING =10

RAPPORT D'EVOLUTION CRITIQUE = 30000

/

ZERO = 1.E-12

TETA=0.5

/

VOLUMES FINIS = OUI

BILAN DE MASSE = OUI

[+H++++++++H
| SEDIMENTS

[+H+++++++++++++

SEDIMENTS COHESIFS = OUI

DIAMETRES DES GRAINS = 0.00005

NOMBRE DE CLASSES GRANULOMETRIQUES =1
SUSPENSION = NON

CHARRIAGE = NON

[++++++++++++++

| TASSEMENT

[ +++++++++HHHHH
TASSEMENT DU LIT COHESIF = OUI

OPTION DU MODELE DE TASSEMENT =1

/ MODELE 1

NOMBRE DE COUCHES POUR LE TASSEMENT :20
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/

CONCENTRATIONS DU LIT DE VASE :
77.:80.:93.;109.;125.;141.;157.;173.;186.;204.;220. :236.;
252.:268.;284.:300.;316.;332.;348.;:364.0

/

TRANSFERT DE MASSE PAR COUCHE:
1.D-02;8.D-03;6.D-03;4.D-03;2.0D-03;1.D-03;8.D-04:6 .D-04;
4.0D-04;2.0D-04;1.0D-04;8.0D-05;6.0D-05;4.0D-05;2.0 D-05;
1.0D-05;1.0D-05;1.0D-05;1.0D-05;0.d0

/

/

&ETA

A.2.4 Test case of « Model 2 »

/IPROCESSEURS PARALLELES : 1

| CAS TEST DE TASSEMENT POUR MODELE DE TASSEMENT NO2

/| MATERIAU: VASE DE LA GIRONDE

/

[+H++++++++HH e
/ FICHIER DE DECLARATION DES MOTS CLES DU CODE SIS YPHE

/

/
FICHIER DES CONDITIONS AUX LIMITES : cli.txt

FICHIER DE GEOMETRIE ' geo
FICHIER FORTRAN : princi_tass2.f
/

FICHIER DES RESULTATS . tass2.res

STOCKAGE DES MATRICES : 3
/
TITRE = 'BLAYAIS - couplage telemac-sisyphe'

CAS PERMANENT = VRAI
MASS-LUMPING = Qul
BILAN DE MASSE = VRAI

/

/VALIDATION = QUI

/FICHIER DE REFERENCE = tass2.ref

/

/IENTREES-SORTIES, GRAPHIQUES ET LISTING
.
VARIABLES POUR LES SORTIES GRAPHIQUES =
'U,V,S,H,B,E,CS1,*ES, *ES'

/PARAMETRES NUMERIQUES

/
PAS DE TEMPS = 60.

/3 hours (sedimentation regime)
/INOMBRE DE PAS DE TEMPS  =1086
/PERIODE DE SORTIE GRAPHIQUE =6
/PERIODE DE SORTIE LISTING =6

/

NOMBRE DE PAS DE TEMPS  =4080
PERIODE DE SORTIE GRAPHIQUE = 10
PERIODE DE SORTIE LISTING =10
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RAPPORT D'EVOLUTION CRITIQUE = 30000

/

ZERO =1.E-12

TETA=0.5

/

VOLUMES FINIS = OUI

BILAN DE MASSE = OUI

[+++++
/ SEDIMENTS

[++++++ 4+

SEDIMENTS COHESIFS = OUI

DIAMETRES DES GRAINS = 0.00005

NOMBRE DE CLASSES GRANULOMETRIQUES =1
SUSPENSION = NON

CHARRIAGE = NON

[+++++ 4+

| TASSEMENT

| +++++++H
TASSEMENT DU LIT COHESIF = OUI

OPTION DU MODELE DE TASSEMENT = 2

{ MODELE 2

COEFFICIENT DE PERMEABILITE =8.
CONCENTRATION GEL = 312.

CONCENTRATION MAXIMALE = 400.

/

VITESSES DE CHUTE = 0.0017658

/

MASSE VOLUMIQUE DU SEDIMENT = 2600.

MASSE VOLUMIQUE DE L'EAU =1000.
CONCENTRATION MASSIQUE = OUI
CONCENTRATIONS PAR CLASSE AUX FRONTIERES = 0.;0.
/

NOMBRE DE COUCHES POUR LE TASSEMENT :20
CONCENTRATIONS DU LIT DE VASE :
77.;80.;93.;109.;125.;141.;157.;173.;186.;204.;220.
252.;268.;284.;300.;316.;332.;348.;364.0

/CONTRAINTE CRITIQUE D'EROSION DE LA VASE :
/0.00816605;0.0264398;0.05477861;0.0930092;0.140985
/0.19862961;0.29816415;0.46425147;0.68695285;0.8215
/

/

&ETA

A.2.5 Test case of “Model 3”

/

TASSEMENT DU LIT COHESIF = OUI

OPTION DU MODELE DE TASSEMENT =3

/

NOMBRE DE COUCHES POUR LE TASSEMENT :20
SUSPENSION = NON

/

/PROCESSEURS PARALLELES : 8

++++++

+++

:236.;

92;
7461

/ CAS TEST DE TASSEMENT POUR MODELE DE TASSEMENT NO2

/| MATERIAU: VASE DE LA GIRONDE
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/IDEBUGGER =1

[++++++++H+
/ FICHIER DE DECLARATION DES MOTS CLES DU CODE SIS
/EFFET DE PENTE : OUI

CORRECTION DU CHAMP CONVECTEUR = OUI

FORME DE LA CONVECTION :1 /REFERENCE

/ FORME DE LA CONVECTION :2 OPTION DE SUPG : 2

/| FORME DE LA CONVECTION : 6 /SCHEMA PSI/

/| FORME DE LA CONVECTION : 8 /VOLUMES FINIS

/

FICHIER DES CONDITIONS AUX LIMITES : cli.txt

FICHIER DE GEOMETRIE . geo
FICHIER FORTRAN . princi_tass3.f
FICHIER DES RESULTATS ‘tass3.res

STOCKAGE DES MATRICES : 3
/
TITRE ="'BLAYAIS - couplage telemac-sisyphe'

CAS PERMANENT = VRAI
MASS-LUMPING =0ul
BILAN DE MASSE = VRAI

/

/ENTREES-SORTIES, GRAPHIQUES ET LISTING
/
VARIABLES POUR LES SORTIES GRAPHIQUES =
'U,V,S,H,B,E,*ES,**ES,*CONC,**CONC'
/PARAMETRES NUMERIQUES

/
PAS DE TEMPS =10

/

/3 hours (sedimentation regime)

NOMBRE DE PAS DE TEMPS  =1086

PERIODE DE SORTIE GRAPHIQUE =6

PERIODE DE SORTIE LISTING =6

/

/68 hours (consolidation regime)

INOMBRE DE PAS DE TEMPS  =4080

/PERIODE DE SORTIE GRAPHIQUE =10

/PERIODE DE SORTIE LISTING =10

RAPPORT D'EVOLUTION CRITIQUE = 300000

/

ZERO = 1.E-12

TETA=05

/

VOLUMES FINIS = OUI

BILAN DE MASSE = OUI

[+++++++++H
/| SEDIMENTS

[++++++++++++++

SEDIMENTS COHESIFS = OUI

DIAMETRES DES GRAINS = 0.00005

NOMBRE DE CLASSES GRANULOMETRIQUES =1
CHARRIAGE = NON

SUSPENSION =NON

[++++++++++++++
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[ TASSEMENT

/

COEFFICIENT DE PERMEABILITE =8.
CONCENTRATION GEL = 312.
CONCENTRATION MAXIMALE = 365.

/

VITESSES DE CHUTE = 0.0017658

/

MASSE VOLUMIQUE DU SEDIMENT = 2600.
MASSE VOLUMIQUE DE L'EAU =1000.
CONCENTRATION MASSIQUE = OUlI
CONCENTRATIONS PAR CLASSE AUX FRONTIERES =0.;0.
/

CONCENTRATIONS DU LIT DE VASE :
T0.77.77.77.77.77.;77.77.;77 .77 .
T0.77.77.77.77.77.;77.;77.,77 .77,

/

&ETA
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