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1. Introduction  

Estuaries are submitted to a natural filling caused by the settling of cohesive sediments ( < 
63 µm). Those sediments, coming mostly from the sea, are transported in estuaries by the 
tidal currents during ebb and flood flows. During slack water, fluid velocities vanish and 
particles are no more suspended by turbulent dispersion. Sediment particles settle towards 
the bottom, and then deposit on the bed and consolidate. Those particles could be 
resuspended by erosion when velocities are maximal. Flocculation processes (aggregation), 
erosion, deposition and compaction are major phenomena that must be considered for an 
accurate prediction of long term behaviour of estuarine sedimentary dynamics.  
 

 
Fig. 1. A mudflat located in the up-stream part of the Rance estuary (France).  
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Several modelling approaches exist. A common way is based on the calculation of diluted 
particles-water mixture motion with a transport equation for the sediment concentration 
considered as passive (classical approach). A supplementary model is then used to model 
the phenomena in the sedimentary bed (i.e. the layer of mud with a high sediment 
concentration). A second way consists in modelling the behaviour of the particles and the 
water as two interacting effective fluids from the consolidated rigid bed to the water free 
surface: this is the two-phase approach. 
The aim of this chapter is to summarise the main hydrosedimentary processes that take 
place in estuaries and to present different approaches for their modelling. Section 2 is 
dedicated to the description of the physical processes involved in estuaries. Section 3 
presents the classical (single phase) approach focussing on different ways to model the bed 
evolutions; the rheological and erosion properties of mud are discussed. Section 4 deals with 
the two-phase model for sediment transport. Several applications are presented. Finally, the 
shortcomings of each modelling strategy are discussed and the perspectives are given in 
section 5.  

2. Physical processes in estuaries 

Cohesive sediments are constituted of granular organic and mineral solids. They are 
qualified of sticky or muddy materials (Winterwerp & Van Kesteren, 2004, and references 
herein).  Cohesive sediments, or mud, are a mixture of clay, silt, fine sand, water, organic 
materials and colloidal particles. Sometimes the colloidal fraction is treated as a part of the 
clay. The percentages of all these fractions determine the specific properties of the mud. Due 
mainly to the size and shape of the particles as well as the electrical charge distribution, the 
clay minerals are largely responsible for cohesion. The clay particles are bound together 
because of the neutralisation of negative electrical charges on the particles by the sodium 
ions in seawater: Van Der Vaals attractive forces become predominant then. In presence of 
water, cohesive sediment particles aggregate and form flocs. A floc is constitued by 
thousands of clay particles and has high water content.  
Particles agglomerate to produce flocs of greater size inducing a modification of the settling 
velocity. Flocculation process results from the mutual collisions and adherences during 
Brownian, settling or turbulent motions. The latter has the highest effect (Verney et al., 
2006). High shears produced by turbulence lead to break up of flocs. The settling velocity of 
cohesive sediment is difficult to estimate because it is highly dependent on the time 
evolution of the flocs’ sizes, their spatial and size distributions.  
Fluvial water and seawater have different characteristics especially in terms of density. The 
mixing of those two types of waters creates a particular circulation that favours the 
appearance of very turbid zones called « turbidity maximums ». When the cohesive 
sediment contained in these zones settles rapidly on the bottom, mainly during slack 
periods, a layer called « fluid mud » is formed. It is a highly concentrated suspension that 
sometimes moves on the cohesive bed according to its slope or by entrainment by the 
current.  
When the flocs reach the bottom, they are crushed by the flocs that deposit above them and 
the water contained in is putting out. A structuration appears which changes the properties 
of the material. This is the consolidation. The mud becomes a material close to a saturated 
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soil. It is more resistant to erosion. The main hydrosedimentary processes of cohesive 
sediments are schematized in Figure 2. According to their concentration, the different types 
of water-sediment mixtures can be classified into 3 types: mobile suspension, fluid mud and 
cohesive bed (Ross & Metha, as cited in Winterwerp & Van Kesteren, 2004). Mud 
suspensions with a concentration smaller than 10 g/l are called “mobile suspension”. This 
type of mixture corresponds to the blue zone in Figure 2. The upper limit (10 g/l) 
corresponds to a value that can be reached in turbidity maximum. Mobile suspensions can 
be considered as Newtonian fluids. Values of the order of the gel-point concentration (Cgel ≈ 
100 g/l) are generally encountered near the bottom. Typically, mass concentration between 
20 and 200g/l are reported for the fluid mud. Fluid mud appears frequently in navigation 
channel or in harbour basins. It can be horizontally mobile or stationary. Fluid mud is a 
plastic and shear thinning material (Coussot, 1997). 
 

 
Fig. 2. Macroscopic description of the cohesive sediment transport processes.  

For concentration higher than the gelling concentration, the water-sediment mixture has a 
solid (weak) structure. Its compaction under gravity effect is driven by consolidation 
process. Such a mixture is referred as consolidating bed or cohesive bed. Pore water is 
expulsed from the cohesive bed while the solid structure strengthens: this is the self-weight 
consolidation leading to a slow compaction/densification of the bed. The consolidated bed 
is a pseudo plastic or a viscoelastic material.  
Depending on the nature of the bed, four major types of erosion are distinguished. Erosion 
of a soft mud layer by turbulent water flow is called “entrainment”. It concerns the fluid 
mud. “Floc erosion” appears when flocs or part of flocs from the bed are individually 
disrupted or broken-up. It appears when there are peaks of shear stresses (Burst or sweep). 
“Surface erosion” is a consequence of a drained failure process (swelling of the surface) and 
of the liquefaction of the top of the bed. With the “mass erosion”, lumps of material are 
removed.    
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3. Modelling estuarine morphodynamics: The classical approach 

The classic approach used to model estuarine morphodynamics consists in dividing the 
calculation domain into subdomains corresponding to different types of water-sediment 
mixtures. Each subdomain is associated to particular processes. The level of complexity and 
the realism of the model depend on the number of subdomains and on the way the 
interactions between them are accounted for. Following Ross and Metha, a description in 
three subdomains can be used. The first one is the mobile suspension (C < 10 g/l) in which 
the cohesive particles are transported by the water flow. The second one is the fluid mud. It 
can be considered as a buffer that plays an important role in the exchanges between the 
suspension and the cohesive bed (erosion, deposition). The horizontal displacement of the 
fluid mud can be neglected in certain estuarine configurations. The lower subdomain is the 
cohesive bed. The dynamics of the bed is governed by the consolidation process. It is 
important to model consolidation because it modifies the resistance to erosion (the higher is 
the bed concentration, the higher is its erosion threshold) and because it determines the 
thickness of the bed (compaction).  Under the cohesive bed, the non-erodible bed (or rigid 
bed) defines the lower limit of the calculation domain. The cohesive bed and the fluid mud 
layer constitute the stock of sedimentary materials which could be resuspended by erosion. 

3.1 Modelling the mobile suspension dynamics 
In the mobile suspension, the actions of the sediments on the fluid are neglected. Fluid 
motion is therefore calculated using Navier-Stokes Equations or Shallow Water Equations. 
Then the suspended sediment transport is modelled by the equation (1) where Cs represents 
the sediment concentration, u


 is the water velocity, sw


, is the vertical settling velocity, 


 is 

the gradient operator, Dcs is the diffusivity coefficient (horizontal and vertical diffusivities 
can be used), S is the source term, t is the time. The boundary conditions at the surface and 
the bottom are given by equations (2). The flux at the surface is nil whereas the flux between 
mobile suspension and fluid mud is equal to the sedimentation flux given by the difference 
between the deposition and the erosion fluxes Fd and Fe. Classically, those fluxes are 
modelled using the Krone’s (1962) and the Partheniades’ (1965) formulas respectively (4) 
and (5) where b is the bed shear stress, cd  and ce  are the critical shear stress for deposition 
and erosion respectively. The latter depends on the properties of the material to erode 
(density, structuration, rheology …). The flocculation and the hindered settling processes 
are basically accounted for by linking the settling velocity to the concentration. The 
formulation of Thorn (1981) is an example of such a formulation (3). When the concentration 
is low, the fall velocity increases with the concentration as a consequence of flocculation 
whereas for higher concentrations, the fall velocity decreases as a consequence of hindered 
settling. Linking the settling velocity to the concentration only is a rough approximation 
because flocculation is known to depend on other parameters especially the salinity or the 
turbulence effects (Verney et al., 2006). Further investigations are required concerning the 
parameterisation of the settling velocity of cohesive sediments. 
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3.2 Modelling the fluid mud dynamics 
In some estuaries (e.g. the Loire estuary in France), the fluid mud is known to move 
horizontally. In that case the motion of the fluid mud on the cohesive bed should be 
considered in the modelling. The fluid mud can be seen as a dense mixture layer with a 
moving free surface and specific rheological properties. A model based on the Saint-Venant 
Equations (depth averaged equations) was proposed by Le Normant (2000). It uses the 
system of equations (6), in which 

fmh  is the thickness of the fluid mud layer, 
w  and 

fm , the 
water density and fluid mud density, 

cbz and 
sz , the positions of the cohesive bed and of the 

free surface flow, 
fm , the viscosity coefficient of the fluid mud, 

cf


, the Coriolis force, 
cb  

and 
s
 , the shear stresses at the interface cohesive bed – fluid mud and at the interface 

mobile suspension - fluid mud. dtdMfm/  represents the rate of mass exchange with the 
mobile suspension and with the cohesive mud. 
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The concentration of the layer Cfm is assumed to be constant vertically. In estuaries where 
the fluid mud does not move horizontally, there is no need to use such a model. Then only 
vertical exchanges with the mobile suspension and the cohesive bed must be taken into 
account.  

3.3 Modelling the cohesive bed 
Various strategies can be used to model the bed evolution. The simplest strategy consists in 
neglecting the consolidation. In this case, the cohesive bed is a sedimentary stock with a 
homogeneous concentration along the vertical. Basically, the thickness of the bed evolves 
according to erosion and deposition only. Using such a simple model, the compaction of the 
bed by consolidation is not accounted for. Moreover, the erosion threshold is described very 
roughly because it is assumed to be constant. A more precise approach is used by Teisson 
(1991), Teisson et al. (1993) and Lumborg & Windelin (2003). It consists in discretising the 
bed using a stack of layers having a fixed concentration and a variable thickness. The bed is 
divided into several layers characterized by their concentration Cc their residence time Ts 
(time after which the sediment passes to the layer of higher concentration) and their critical 
shear stress for erosion. These parameters are fixed. When deposition occurs, the mud 
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remains in the upper layer m until the time Ts(m) is reached. Then the mud is transferred to 
the layer located beyond (m-1) which has a higher concentration (more consolidated).  
The thickness of the layer m increases as: E(m-1) = E(m-1) + E(m) Cc(m) / Cc(m-1) and the 
thickness of the layer m-1 is then modified accordingly E(m) = 0. The residence time and the 
layers’ concentrations are obtained from the consolidation curve (mean concentration versus 
the time; this curve is obtained from settling curve experiments). The critical shear stress for 
erosion associated with each layer follows a law deduced from experiment. One layer can be 
eroded only if all the upper layers are empty. The concentration of the deposition layer is set 
to 100 g/l corresponding to the fluid mud layer. This model was applied by Denot & Lang 
(2000) for the Rance estuary and by Le Normant (2000) for the Loire estuary. 
Gibson’s (1967) theory (7) constitutes the reference for soft soil consolidation modelling 
(Toorman, 1996) where k is the permeability, σ’ is the effective stress, Cc is the sediment mass 
concentration, t is the time, ρw and ρs are the water and solid particle densities, g is the 
gravity acceleration, Eulerian coordinate z is taken as positive in the upward direction. 
Gibson’s theory consists in describing the upward water flow using Darcy - Gersevanov’s 
law and in characterizing the strength of the mud skeleton using Terzaghi’s principle. 
Hypothesis is made that both the permeability k and the effective stress ’ depend on the 
sediment concentration only. Gibson’s models require the constitutive relationships k(Cc) 
and σ’(Cc) to be determined. Equations (8) are commonly used. The Ai and Bi coefficients are 
dependent on the mud characteristics and should be determined from experiments 
following the technique proposed by Been & Sills (1981). The optimisation method of 
Thiébot et al. (2010) can be also used. Gibson’s theory has been used in many consolidation 
models (Townsend & Mc Vay, 1990; Toorman, 1999; Bürger, 2000; Lee et al., 2000; Le 
Normant, 2000; Bürger & Hvistendahl, 2001; Bartholomeeusen, 2003; De Boer et al., 2007, 
Jeeravipoolvarn et al., 2009; Thiébot et al., 2010).   
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The MDM (Mud Deposit Model) has been designed to simulate the evolution of 
homogeneous mud deposits in hydro-sedimentary simulations (Thiébot & Guillou, 2006). 
The MDM uses the same physics as Gibson’s theory but the equations have been rewritten 
to account for the multilayer discretisation. In the MDM the mud deposit is represented by a 
stack of layers of specified concentrations Cci (low concentrated layers on top of the deposit) 
and variable thicknesses Epi(t). At each time step, Epi(t) varies according to the solid mass 
fluxes at the boundaries of the layer i: Fi(t) and Fi+1(t). Fi is negative as it is downward-
oriented. The evolution of the thicknesses is given by equation (9). The calculation of the 
mass flux between two layers is made with relation (10). Interested readers should refer to 
Thiébot et al. (2010).  
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The MDM was originally developed to simulate the vertical dynamics of the cohesive bed 
under consolidation effect. However, it can also be used to simulate the sedimentation of 
particles in the fluid mud. Been & Sills (1981) pointed out that Gibson’s equation becomes a 
sedimentation equation when the effective stress is neglected. This is used in the MDM. A 
sediment concentration value Ct is used to distinguish sedimentation from consolidation. In 
the layers where Cc is smaller than Ct, the effective stress is neglected and the MDM resolves 
a sedimentation equation. Otherwise, the MDM resolve a consolidation equation. From a 
physical point of view, Ct is the representative value of the transition between a fluid-
supported suspension and a (soft) soil which has a solid structure (i.e. the concentration is 
greater than the gelling concentration). So, in the MDM, the flux is linked to the solid 
particle velocities in layers i and i-1 which are estimated with relation (11) during the 
sedimentation process (when Cc < Ct) and with the relation (12) during the consolidation 
process (when Cc > Ct).  
 

 
Fig. 3. Dynamic response of a mud sample of the Rance estuary: Evolution of the storage 
module G' and of the loss module G” relating to the imposed deformation for one 
concentration (left); Evolution of the storage modulus plateau G'0 at low deformation for 
different concentrations (right). 

For the mud of Rance, the existence of Ct has been justified using rheometric tests performed 
with samples of mud collected from the Rance estuary (Thiébot et al., 2006). 
Dynamic oscillation tests have been performed. This type of experiments aims at 
characterising the viscoelastic behaviour of materials. When the material is submitted to 
oscillatory solicitations, a part of the energy is transmitted to the structure of the material (it 
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is characterised with the elastic modulus G’), the other part is dissipated (it is characterised 
with the loss module G”). Basically, a dynamic oscillation test involving cohesive sediments 
consists in studying the response of the materials for increasing strain where the sediment 
changes from having predominantly solid-like properties immediately after a rest period, to 
having predominantly liquid-like properties once set. The test represented in Figure 3 is an 
example. For lower strains, the response of the material is mostly elastic which gives rise to 
a plateau on the storage modulus (regime 1 in Fig. 3a). For intermediate strains, the storage 
module decreases revealing a weakening of the structure (regime 2 in Fig. 3a). One deals 
with rearrangements but the strength of 3D network is not broken. Finally, for great strain, 
the structure of the material is destroyed: it is a liquefaction process (regime 3 in Fig. 3a). 
For the present purpose, we intend to find a transition behaviour for a given mass 
concentration value. The aim is to justify the use of a concentration which characterises the 
appearance of effective stress. Dynamical oscillation tests have been performed with 
samples of increasing concentrations. For each sample, the storage module during the 
regime 1 (i.e. when the solid structure is intact) has been estimated: it is G’0. The results are 
presented in Figure 3b. G’0 becomes significant and increases steeply when the 
concentration exceeds approximately 200 g/l. The change in the trend of G’0(C) indicates an 
evolution of the material structure when a given concentration value is exceeded. From a 
physical point of view, the 200 g/l value is interpreted as the appearance of a “sufficiently 
stiff” solid structure. This justifies the use of a concentration transition Ct in our 
sedimentation-consolidation model. 
The MDM has been validated using the experimental data of Bartholomeeusen et al. (2002). 
An example of comparison between numerical and experimental results is represented in 
Figure 4.  
 

 
Fig. 4. Experimental (“Exp”) and simulated (“Num”) settling curves (left) and mass 
concentration profiles (right) along the time. The initial height of the settling test is H0 = 0.57 
m; the initial concentration is C0 = 879 kg/m3. The relations (8) where used with following 
parameters:   A1 = 7.28; A2 = 0.298; B1 = 2590 kg/m/s2; B2 = 3.31 and B3 = 9.25. 

3.4 Modelling the filling the Rance estuary: An example 
In this section, a way of modelling the filling of estuary is presented. The Rance estuary 
model is used to illustrate. The Rance estuary (20 km long) is located in the north of Brittany 
(France). A tidal power station was built in the sixties. It modifies the hydrodynamic regime 
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and the sedimentary processes (Bonnot-Courtois et al., 2002). As the silting up is intense in 
the most upstream part of the Rance estuary, dredging works are regularly carried out. 
Originally, the hydro-sedimentary model of the Rance aims at optimizing these operations 
(Denot & Lang, 2000). Simulations are performed with the modelling system Telemac 
(Hervouet, 2007). The mesh contains 6250 nodes. The mesh contains 6250 nodes.  Telemac2d 
and Subief2d are used. The hydrodynamics is calculated from the flows given at the 
Châtelier lock (upstream boundary of the calculation domain) and at the tidal power plant 
(downstream boundary of the calculation domain).  
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In the Rance model, the erosion flux is calculated with the widely used Partheniades (1962) 
formula (5). The use of this formula implies to define a critical shear stress for erosion. 
Equation (13) is used. It has been determined from experiments on the mud of Rance 
following Migniot (1968). The Partheniades formula (5) also involves a parameter M which 
has to be tuned according the mud characteristics. Several values have been tested until the 
concentration of suspended sediment calculated by the model fits well to the suspended 
sediment concentration measured in-situ. Using M = 1.875 10-3 kg m-2 s-1, the mean 
concentration reaches 200 mg/l in the turbidity maximum which is consistent with 
measurements (Thiébot, 2008). In our model, the settling velocity of suspended sediment Ws 
is supposed to be constant and equals 0.1 mm/s. The sediment concentrations at the 
boundaries of the domain are set to 0 because turbidity measurements indicate that the 
sediment inputs are quasi-negligible except for particular meteorological conditions. 
The suspended sediment concentrations in the Rance estuary (typically smaller than  
200 mg/l) are small in comparison to many estuaries. As a consequence, the fluid mud layer 
is generally thin and appears only during slack periods. During the ebb and flood flows, the 
fluid mud rapidly disappears by erosion. In such configuration, the horizontal movements 
of the fluid mud can be neglected and therefore the fluid mud can be considered as a part of 
the bed. In the Rance model, the bed evolution is simulated with the MDM: ten layers are 
used. The upper layer corresponds to the fluid mud; its concentration is set to 100 g/l which 
is consistent with the earlier works of Ross & Metha. The concentrations in the other layers 
vary uniformly from 200 g/l to 1000 g/l. The constitutive relationships k(Cc) and ’(Cc), given 
by (14), have been determined from experimental results obtained with mud of Rance 
following the method presented in Thiébot et al. (2010). The effective stress ’ is set to zero 
in the fluid mud layer because this material does not have any solid structure (according to 
the rheological tests, the solid structure appears for a concentration value of approximately 
200 g/l). The maximum concentration of the multilayer bed is 1000 g/l. This value is the 
concentration beyond which the mud does not evolve much neither by consolidation nor by 
erosion.  
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Fig. 5. Thicknesses of the solid bed in the Rance estuary: left) initial deposit in the complete 
estuary; right) evolution of the bed thickness in the up-stream part after 1, 2, 5 and 10 lunar 
cycles. 
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For the morphodynamics modelling of the estuary, a preliminary simulation is used in 
order to introduce the sediment in the system and to obtain a configuration 
representative of the actual state of the estuary. This state is characterised by a greater 
stock of cohesive sediment in the upstream part of the estuary and by a turbidity 
maximum with sediment concentration of the order of 200 mg/l. At the beginning of the 
preliminary simulation, the sediment is introduced in the 500 g/l -layer. A variable 
thickness has been used to account for the fact that the sediment stock is greater in the 
upstream part of the estuary. At the beginning of the preliminary simulation, the bed 
thickness varies from 0 to 1 m from the downstream to the upstream boundaries of the 
estuary. The preliminary simulation lasts a lunar cycle (≈ 29.5 days). At the end of this 
simulation, we consider that the influence of the initial procedure vanishes and start to 
simulate a 10 lunar cycles period.    
Figure 5 shows the evolution of the bed thickness during the simulation. The model 
shows that the sediment is progressively re-distributed within the estuary. In the 
middle of the estuary, the channel progressively widens while in the most upstream 
part, the channel and the mudflat accrete. This evolution is consistent with the in-situ 
observations. Additional investigations are required in order to validate the model 
results quantitatively. 

4. Two-phase model for sediment transport  

In the two-phase approach, the flow is composed of two phases: the fluid phase and the 
solid phase (sediment). Continuity and momentum equations are solved for each phase 
with the introduction of interaction terms between the two phases (fluid-solid particles, 
particle-particle interactions, particle-wall collision). Wallis (1969) was the first, who 
applied two-phase equations to the sedimentation problem in the late 60s. More 
recently, Toorman (1996) has presented a unifying theory of sedimentation-
consolidation derived from the two-phase equations that allows to recover Kynch's 
sedimentation theory at low sediment concentration and Gibson's consolidation theory 
at high sediment concentration. 
The two-phase approach was then applied to modelling sediment transports in the 90s 
(Teisson et al., 1992, Vilaret & Davis, 1995, Greimann et al., 1999, Barbry et al., 2000). The key 
idea is that the computing domain extends from the "true" non-erodible bottom to the free 
water surface which is a great advantage compared with the classical three-layer approach. 
More recently, the interest in this approach has increased and led to numerous publications 
mainly for non-cohesive sediment transport (i.e. sand) (Greimann & Holly, 2001, Dong & 
Zhang, 2002, Hsu et al., 2003, Hsu & Liu, 2004, Jiang et al., 2004, Amoudry et al., 2005, 2008, 
Longo, 2005, Chauchat & Guillou, 2008, Nguyen et al., 2009). These studies show 
encouraging results concerning the suspended-load transport mainly by integrating the 
influence of the sediment particles on the fluid turbulence and the collisions between 
particles (two-way and four-way coupling). Hsu et al. (2007) and Torres –Freyermuth & Hsu 
(2010) have applied a simplified two-phase flow model to boundary layer and gravity-
driven fine sediment transport under tidal and wave forces. At the same time, first 
applications of 2-D X/Z two-phase model for fine-sediment transport in estuaries (Nguyen 
et al., 2009) have been published.  
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4.1 Mathematical modelling 
In an Eulerian-Eulerian or two-fluid formulation, a set of equations (continuity and 
momentum equations) are written for each phase. If k is the index of the phase (k is “f” for 
the fluid phase and “s” for the solid phase), they are:  

 

 

Re

0

1 1

k
k k

k k

k k k k k k k k k k

k k

u
t

u
ρ u u p I g M

t ρ ρ

 



    

          
                                 


 (15) 

where k  represents the volume fraction of the k-phase, with s+f=1, k is the averaged 
density, and ku


 is the  averaged velocity vector of k-phase. g  is the gravity acceleration and 

kM


is the momentum exchanged between these two phases. pk is the pressure, k   is the shear 
stress tensor and Re

k   is the turbulent Reynolds stress tensor for k-phase. The viscous shear 
stresses depend on the strains of the fluid and of the solid ( fD  and sD ) by relation (18). ff, fs, 
sf and ss designate effective viscosity coefficients (17), which are proportional to the fluid’s 
viscosity f . β is the amplification factor of viscous stresses and depends (18) on  - the 
distance between solid particles. Where s,max  is equivalent to the maximum value of the solid-
particle concentration.  The interactions between the phases are given by the transfer laws (20). 
pki and ki  are the pressure and the shear-stress tensor of k-phase at the interface (21). 

' 's fM M 
 

 represents all the forces exerted by the fluid on the solid particles. For application 
to sediment particles in water the Drag force is dominant and given by (22), in which ru


 is the 

relative velocity of fluid-particles, and fs is the particle relaxation time, which represents the 
time needed by a particle initially at rest submitted to a constant fluid velocity to reach its 
steady state. The relative velocity of fluid-particles is defined as r s f du u u u  

   
 where 

'
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, the drift velocity,   represents the correlation between the fluctuating velocity of the 
fluid phase and the instantaneous spatial distribution of the solid phase (Deutch & Simonin, 
1991). A complete description of the model was made in Nguyen et al. (2009). A study of 
several turbulence models was made by Chauchat & Guillou (2008). 
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4.2 Applications to non-cohesive sediment transport 
Dredging operations of navigation channels and harbours are regularly planned to maintain 
the nautical depth and ensure therefore the navigation safety. The dumping operation of 
dredged sediment could affect the environment by increasing the turbidity of water or 
burying the biological habitats. After the release, the sediments settle under a cloud of very 
high concentration (more than 350 g/l at the beginning). This settling step is followed after 
impact on the bed by the formation of turbidity current. In Guillou et al. (2011), we used our 
two-phase model to study this phenomenon by performing simulations of the experiment of 
Villaret et al. (1998).  In this paper only sand release with no horizontal current is considered 
(Fig. 6). The initial concentration was 350 g/l with an injection velocity of 0.6m/s. The 
different steps of the process are qualitatively simulated by the model such as the formation 
and the displacement of the turbidity current.  
 

 

 
Fig. 6. Isoconcentration of sand for several instants (test e6).  

One application was tried in the Seine estuary (Chauchat et al., 2009) to simulate motion of 
the turbidity maximum dynamics. The computational domain extends from the extremity of 
the semi-submersible dykes to the dam of Poses (160 km). A mixing length model is used to 
model the turbulence. The particle’s diameter is equal to 16 m with a density of 1700 kg/m3. 
The simulations have been performed over a semi-lunar cycle with a river discharge of     
300 m3/s. A one meter thickness layer with a concentration of 25 g/l between 20 and 60 km 
from the river mouth is imposed initially. The hydrodynamics is well reproduced. A 
Turbidity Maximum is simulated in the estuary. Its location is in coherence with 
observations. One main interest of this simulation is the appearance of a very high 
concentration layer close to the bottom with concentrations in relation with the one of a 
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fluid mud and with a horizontal motion (Fig. 7). One major default of this model is its 
computational cost. 
 

 
Fig. 7. Zoom near the bottom during spring tide (High water). 

The concentration in the TM is not as high as in the reality. This may be in relation with the 
turbulent model used. Thus Chauchat & Guillou (2008) have shown that the way the 
turbulence is modelled had a very important impact on the capacity of the flow to keep in 
suspension particles. A better modelling of the turbulence in estuarine application could 
certainly overcome this problem. Other phenomena, not considered here, such as 
flocculation or consolidation processes should provide more realistic results.  
 

 
Fig. 8. Sedimentation of spherical particles: Left) Time evolution of the interface clear water 
and mixture and of the lutocline; right)  instantaneous profiles of the solid volume fraction 
at different times. Comparison with the experimental data of Pham Van Bang et al. (2006). 

A way to consider the latter is to study sedimentation in settling column. Nguyen et al. 
(2009) have published some results about the sedimentation of suspended polystyrene 
particles (diameters of 290 ± 30 μm, density of 1.05 kg.m-3), falling through a tank of silicon 
oil (viscosity of 20 mPa.s-1, density of 0.95 kg.m-3). It initial solid volume fraction was 0.48. 
The process in that case is well reproduced (Fig. 8). 

4.3 Study of cohesive sediment transport 
In the case of cohesive particles, the previous formulation of the two-phase flow model fails 
to simulate the hindered settling process as well as the consolidation process. Only the 
hindered settling regime is usually considered and parameterized using a hindrance 
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function (Richardson & Zaki, 1954). Improvements in modelling sedimentation and 
consolidation processes are needed for progressing two-phase modelling of sediment 
transport in estuaries. In particular, closure laws for the two-phase equations are required 
and need to be checked by comparison with experiments. The consistency of the excess pore 
pressure calculated from the two-phase equations should be checked as well.  
In a recent work, Chauchat et al. (2011) proposed closure law for the two-phase flow model 
that allows to capture the essential features of sedimentation-consolidation processes.  
 

 
Fig. 9. Comparison of two-phase model results (____) with experiments (xxx) (Pham Van 
Bang, 2007) for initial concentrations s0=1.2 %:  a) Settling curves: time evolution of the 
mud-clear water interface position and b) solid volume fraction profiles. 

In a dense mixture the pressure of the solid phase ps is the sum of the fluid pressure, the so-
called pore pressure pf, and of a particle pressure or effective stress ’ induced by inter-
particle contacts in the solid network (23) (Concha et al., 1996, Burger, 2000). The particle 
pressure exists when the solid volume fraction exceeds a percolation value: it is the 
maximum packing s,max for non-cohesive particles, and is the gelling point for cohesive 
ones. The particle pressure should vanish rapidly when s decreases below this percolation 
threshold. For a high value of the volume fraction of solid-particles, the fluid flow can be 
viewed as the flow in a porous media constituted by the particles network. In this case, the 
total pressure of the mixture p is partially supported by the solid skeleton and partially by 
the fluid filling the pores, and leads to the relation (24) corresponding to the principle of 
Terzahi. 

 '/s f sp p     (23) 

 'f f s s fp p p p        (24) 

  ' f

s s f

g
M u u

K


 

  
 (25) 



 
Sediment Transport in Aquatic Environments 140 

 
2

3

0

,max

0

1 1

gel
s s

gel n
gels s

s s

s

if

σ'
σ if




   

                    

 (26) 

Following Toorman (1996) the Darcy-Gersevanov's semi-empirical expression for the drag 
force (25) is used in the two-phase model, where K (in m/s) represents the permeability. 
Therefore the closure issue consists in finding closure laws for the permeability and the 
effective stress. The effective stress represents both permanent contacts between particles in 
concentrated suspension and inter-particle collisions during sedimentation. The relation (26) 
is proposed. The permeability is fixed regarding the settling velocity which can be estimated 
following the method proposed by Camenen & Pham Van Bang (2011). The results 
presented in Figure 9 indicate that the two-phase model is able to reproduce almost 
quantitatively the experimental. This work is still in progress and will be implemented in a 
2D vertical two-phase model to study mud-flow interactions in estuaries.  

5. Shortcomings of the modelling and perspectives  

With the classic approach the different kind of estuarial water - sediment mixtures are 
represented by three subdomains associated with a given range of sediment concentration 
(mobile suspension, fluid mud and cohesive bed). When the horizontal displacements of the 
fluid mud can be neglected, the fluid mud can be treated in the same manner as the cohesive 
bed. The simulation of the consolidation processes in the cohesive bed is of importance. A 
convenient way of modelling the vertical evolution of the fluid mud and the cohesive bed 
consists in considering the bed as a stack of layers having fixed concentrations and having 
thicknesses that vary according to erosion, deposition, sedimentation and consolidation. The 
MDM is a model of that type. It has recently been introduced in the Sisyphe model (Villaret 
et al., 2010).  
The major shortcoming of the classic approach is that a lot of parameters have to be 
determined for the formulation of the settling velocity, the permeability, the effective stress, 
the erosion flux … Those parameters are specific for a given type of mud that is why, their 
determination requires us to collect experimental data from either from laboratory 
experiments (rheology, settling experiments) or field measurements (turbidity 
measurements). Furthermore, the results of the model are often much sensitive to the values 
of the parameters. Modelling the estuarine morphodynamics in an operational manner is 
still a challenge. Additional investigations are therefore required especially regarding the 
link between the erosive properties of the mud and the structuration of the material, i.e., and 
the rheological behaviour of the mud (Thiébot et al., 2006). Current experimental works are 
focussed on that link (Pouv et al., 2010). 
Two-phase models provide a priori a more general framework that allows the representation 
of the physical processes involved from the suspension to the consolidating bed such as 
interactions between fluid-solid particles, fluid-bottom as well as particle-particle 
interactions. No erosion/deposition fluxes are needed to be empirically prescribed.  
First development about two-phase sediment transport model was one dimensional vertical. 
Recent improvements tend to develop 2D and 3D models. These models are based on the 
theory of granular flows. Then, the great majority of them suppose the sediment as non-
cohesive. Due to this physics, the motions of very high concentrated suspension can be 
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simulated realistically. It is interesting to note that fluid mud could be simulated by this 
modelling. New achievement must concern the simulation of cohesive sediments. Our 
recent works (Chauchat et al., 2011) show that it is necessary to introduce appropriate 
closure laws to simulate correctly the consolidation process in a settling column test (Darcy 
drag expression and effective stress). In particular, the explicit calculation of the fluid 
pressure from the suspension to the consolidated bed represents a major advantage of the 
two-phase approach compared with the classical Kynch or Gibson approach. 
The flocculating and deflocculating processes must be also introduced. Attentions must be 
paid to fractal description of mud (Merckelbach & Kranenburg, 2004). Turbulent modelling 
in two-phase models is really complex even for mono-disperse non-cohesive particles 
(Chauchat & Guillou, 2008). It is a challenge for the future in the case of cohesive particles 
(Hsu et al., 2007; Torres-Freyermuth & Hsu, 2010). Finally, these two-phase models are very 
time consuming even in a 2D case (Nguyen et al., 2009). At this time it is not possible to use 
them as operational tools for studying sediment transport in an open estuary. Nevertheless, 
it is a powerful tool to study the interaction of particles and turbulence (fluid-particles 
turbulent interactions, flocculation, structuration of sediment bed, mud-flow interactions).   
 

 
Fig. 10. Snap shots at different time steps of the sedimentation of 128 solid particles in water 
with Direct Numerical Simulation. The density of particles is 1.5. 

Both single and two-phase models need some closure relationships for each process. Those 
relationships are based either on theoretical basis (e.g. kinetic theory of granular flows) or 
empirical considerations (e.g. permeability, effective stress). Thanks to the constant 
improvements in computer sciences, it is now possible to simulate directly the motion of the 
particles in a fluid. “Direct” numerical simulations for particulate flows have received a 
great attention for fifteen years in various domains like chemical engineering, petroleum 
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industry. In these methods the flow field around each particle is resolved and 
hydrodynamical forces between particles and fluid are results of simulation (Glowinsky et 
al., 1999, Peskin, 2002, Yu & Shao, 2007). Of course, it will not be possible to apply this 
method to an estuary, but it can be useful to better understand the physic at the scale of the 
particles (collision, flocculation …) and then to improve Eulerian models: classical models or 
two-phase flow models. Figure 10 provides an example of sedimentation of a cloud of 
particles with our model (Verjus et al., 2011). 
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