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1 INTRODUCTION 

Recently, theoretical models have been developed to 
analyse the effects of a graded sediment on the for-
mation of large scale tidal bedforms, stimulated by 
field surveys which show that quite often the sea 
bottom is made up of sediment mixtures character-
ized by a wide probability density distribution. 
Moreover, field observations reveal spatial varia-
tions of the mean grain size along tidal bedforms, 
indicating sorting processes (Swift et al. 1978, Antia 
1996, Roos et al. 2007b). For instance, along the 
Middelkerke Bank (Belgian coast) the distribution of 
the mean grain size shows the accumulation of the 
coarser sediment on the crests and of the finer sedi-
ment in the troughs (Houthuys et al. 1994, Lanck-
neus et al. 1994, Vincent et al. 1998). Also data from 
the more seaward located Kwinte Bank (Gao et al. 
1994) indicate a similar grain size pattern and varia-
tions in the mean grain size are also found for more 
onshore located coastal banks (Van Lancker 1999). 

As described by Roos et al. (2007b), an overview 
of the grain size patterns over tidal sand waves in the 
southern part of the North Sea shows that at some 
locations (site 1, near Zandvoort; site 2, offshore of 
Egmond and Zee; site 4, near Hoek van Holland) the 
mean grain size at the crests is coarser than that at 
the troughs but at other locations (site 3, on Brown 
Bank; site 5, on the Thorton Bank) the sediment is 
coarser at the troughs.  

Previous works have already pointed out the sig-
nificance of a heterogeneous bed composition on the 
formation of coastal bedforms. For instance, the 
theoretical and experimental work of Foti & Blon-
deaux (1995a,b) shows that, if the sediment is 
graded, sea ripples appear for higher values of the 
Shields parameter than those characterizing a well 
sorted sediment and the ripple wavelength tends to 
be longer. Other works consider the effects of a 
graded sediment on shoreface-connected ridges and 
tidal sand banks and reveal the importance of sedi-
ment mixtures on the initial growth of these bed-
forms (Walgreen et al. 2004, Roos et al. 2007a). 

More recently, Roos et al. (2007b) has investi-
gated the grain sorting over offshore sand waves us-
ing a numerical model based on that of van den Berg 
& van Damme (2005). The model is fully nonlinear 
and is able to describe the growth of sand waves and 
the sorting process for large amplitudes of the bot-
tom forms. In this respect, the model of Roos et al. 
(2007b) is a powerful tool to analyse the morphody-
namic process under investigation. However, being 
based on a numerical approach which solves the 
nonlinear problem, the model is computationally ex-
pensive and the investigation of the parameter space 
implies high costs.  

In the following we describe an analytical model 
able to investigate the initial stage of sand wave for-
mation when a heterogenous sediment mixture is 
considered. In the next Section we formulate the 
problem. Subsequently, the interaction of a tidal cur-
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rent with an arbitrary bottom perturbation is studied 
and the conditions leading to the appearance of sand 
waves are determined. Also the grain sorting process 
along the bottom forms is analysed. In Section 4, the 
results are described. Finally, in Section 5 some con-
clusions are drawn. 

2 PROBLEM FORMULATION 

2.1 Hydrodynamic problem 

The hydrodynamic problem presently considered is 
similar to that described in Blondeaux & Vittori 
(2005 a,b) and Besio et al. (2006). For the sake of 
space their model will be only briefly summarized. 
The interested reader is referred to the previously 
mentioned papers for more details. 

A shallow sea with a small depth h*, in a horizon-
tally unbounded domain is considered. A Cartesian 
coordinate system (x*, y*, z*) is introduced in which 
the x*- and y*- axes are defined along the parallels 
pointing East and the meridian lines pointing North, 
respectively. The z*- axes denotes the vertical axis 
and is directed upward such that z* = 0 corresponds 
to the still water level. Hereinafter a star denotes a 
dimensional quantity. The water motions are de-
scribed by means of continuity and momentum equa-
tions in which the contributions due to the Coriolis 
force are taken into account since they affect the 
tidal current. However, as discussed by Besio et al. 
(2006), when the interaction of the tidal current with 
a bottom waviness characterized by wavelengths of 
the order of hundreds of meters is analysed, the 
terms related to inertia and Coriolis effects can be 
neglected. The flow regime is assumed to be turbu-
lent and viscous effects are neglected. Moreover, fol-
lowing the analysis of the review paper by Soulsby 
(1983), turbulence is assumed to be isotropic. Con-
sequently, the Boussinesq hypothesis is adopted to 
model the Reynolds stresses and a scalar kinematic 
eddy viscosity νT

* is introduced.  
The hydrodynamic problem can be made dimen-

sionless using the undisturbed mean water depth h0
* 

as length scale and the maximum value U0
* of the 

depth averaged fluid velocity during the tidal cycle 
to scale the velocity components (u*, v*, w*). Fur-
thermore, the inverse of the angular frequency ω

* of 
the tide is used as time scale. Besides the values of Ω 
(Ω = Ω*/ω*) and φ0 (Ω

* denotes the angular velocity 
of the Earth rotation and φ0 is the local latitude), the 
dimensionless hydrodynamic problem is character-
ized by two main dimensionless parameters,  

 

r =
U0

*

ω *h0
* ,      δ =

νT 0
* / ω *

h0
*          (1) 

 

in which the constant νT0
* provides the order of mag-

nitude of the eddy viscosity such that νT
 (νT = νT

*/ 
νT0

* ) describes the temporal and spatial variations of 
the turbulence structure and is of order one. Pres-
ently, νT is chosen such that the eddy viscosity grows 
linearly with the distance from the bed and then de-
creases to achieve a finite small value at the free sur-
face and it is assumed to be time independent. The 
Keulegan-Carpenter number r denotes the ratio be-
tween the amplitude of the horizontal fluid dis-
placement oscillations and the local depth. The pa-
rameter δ represents the ratio between the thickness 
of the viscous boundary layer and the local water 
depth. Roughly estimated, δ turns out to be of order 
one. To close the hydrodynamic problem, kinematic 
and dynamic boundary conditions are forced at the 
free surface and the no-slip condition is required at a 
distance from the bed proportional to the dimen-
sionless bottom roughness zr (zr = zr

*/h0
*). 

2.2 Morphodynamic problem 

The seabed is assumed to be made up of a cohe-
sionless grain size mixture with N distinct grain size 
classes. Each class lays within the sand ‘region’ and 
is characterized by a grain size diameter di

* (i = 1, .., 
N). All grains have the same density ρs

* and the het-
erogeneous bed has a porosity n. The volume frac-
tion of each grain size class is denoted by pi. Since pi 
is the volume percentage of each grain size class, it 
follows that  

∑
=

=
N

i
ip

1

1 (2) 

The arithmetic mean grain size of the mixture is then 
defined as  

∑
=

=
N

i
iim pdd

1

**   (3) 

Within the bed, each grain size class must satisfy the 
sediment continuity equation. For a sediment grain 
in the bed to be entrained into motion, it must be ex-
posed to the action of the fluid motion. Therefore, 
the closer the grain is to the bed surface, the higher 
the probability is that it will be entrained. The sim-
plest reasonable approximation of the probability of 
entrainment per unit time of a grain as a function of 
the elevation within the bed is a step function, ac-
cording to which the probability of erosion of a grain 
per unit time has a constant value in an active layer 
of thickness La

* near the bed surface, and vanishes 
below this layer (Hirano 1971). The sediment within 
the top layer is assumed to be instantaneously well 
mixed and directly available for transport such that 
the volume fractions pa,i within the active layer can 
change in time but have no vertical structure. The 
layer underneath the active layer is called the sub-
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strate. Within the substrate, the sediment is not di-
rectly available for transport and the volume frac-
tions ps,i in the substrate are independent of time but 
can have an arbitrary vertical structure. In Figure 1 a 
sketch of the model geometry is provided.  
 

 
Figure 1. Sketch of the model geometry.  

 
 
Deploying this approximation and making use of 

Leibniz' rule, the sediment continuity equation for 
each grain class is written as 
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Here, z* = ξ* denotes the seabed elevation, (Qx,i
*, 

Qy,i
*) represent the volumetric sediment transport 

rates per unit width and per unit fraction of the grain 
size class i, in the x- and y- directions respectively. 
Furthermore, pc,i is the volume fraction related to the 
grain size class i at the level z* = ξ*- La

*. The first 
term on the left hand side of Equation 4 models the 
interaction between the active layer and the substrate 
and 
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The sediment continuity equation is then made di-
mensionless: ξ* is scaled with the undisturbed water 
depth and the dimensionless sediment transport rates 
(Qx,i, Qy,i) are defined as 
 

 
        (6) 

 
 
Moreover, since the bottom is assumed to be initially 
flat, L*

a is scaled with the mean grain size in such a 
way that La=L *

a/d
*
m0 is a quantity of order one. 

Hence Equation 4 becomes 
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where,  
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Here, dm0 = dm0
*/ h0

*  represents the initial dimen-
sionless mean grain size and ψm is the mobility num-
ber evaluated for the mean grain size 
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Considering a mean grain size in the order of mm, a 
typical undisturbed water depth of 30 m and a semi-
diurnal tide, it follows that ∆La and ∆ are of order 10-
5 and 10-3, respectively. The variables g* and ρ* are 
the gravitational acceleration and the sea water den-
sity, respectively. 

To close the morphodynamic problem, the sedi-
ment transport rate should be specified. Presently, 
only the transport of sediments close to the bed (bed-
load) is considered and the weak effects due to the 
spatial variations of the bottom are taken into ac-
count: (Qx,i, Qy,i)=(QBx,i, QBy,i)+(QPx,i, QPy,i). Finally, 
the sediment transport in suspension is assumed to 
be negligible. The fractional bedload transport (QBx,i, 
QBy,i) is evaluated by means of the formula proposed 
by van Rijn (1993)  

(QBx,i ,QBy,i ) =
0.25

Rp,i
0.2

θi − θb,i
cr

θb,i
cr








3/2
(θx,i ,θy,i )

θ i

     (10) 

where (θx,i,θy,i) are the x- and y-components of the 
Shields parameter for the grain class i (θi=(θx,i

2+ 
θy,i

2)1/2), the critical shear stress θcr
b,i, of the grain 

size class i is modified to take into account hid-
ing/exposure effects and Rp,i=((ρs

*/ρ*-1)g*di
*3)1/2/ν  is 

the particle Reynolds number of the grain class i. In 
particular, the critical shear stress related to the grain 
size class i is obtained by multiplying the critical 
shear stress of the mean diameter with the hiding 
function proposed by Ashida & Michiue (1972) such 
that θcr

b,i = Hi θ
cr

b,m with 
 

 

H i =
log19

log(19di
* / dm

* )











2

0.843(dm
* / di

* )

if
di

* / dm
* ≥ 0.4

di
* / dm

* < 0.4









  (11) 

 
The critical shear stress related to the mean grain 
size is calculated by means of the expression given 
by Brownlie (1981). Note that the Shields parameter 
is evaluated at the top of the bedload layer as pro-
posed by Colombini (2004).  
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The effect of small spatial variations of the bot-
tom on the bedload transport is modeled by  

 
 

 ( ) 








∂
∂

∂
∂=

yx
GQQQ iiBiPyiPx

ξξ
,, ,,,   (12) 

 
where Gi is a dimensionless second order 2-D tensor, 
(e.g. Talmon et al. (1995), Seminara (1998)). 

3 TIME DEVOLPMENT OF ARBITRARY 
BOTTOM PERTURBATIONS  

To investigate the sediment sorting process corre-
sponding with the initial formation of tidal sand 
waves, the stability of the flat bottom configuration 
to arbitrary bottom perturbations of small amplitude 
(strictly infinitesimal) is analysed by taking into ac-
count the effects of the grain size mixture. Conse-
quently, we consider the seabed to differ from the 
flat one by a small amount proportional to ε and 
write the dimensionless water depth h as  
 

∑ +−= +

n

yxi
n OetAh nynx )()(1 2)( εε αα      (13)  

 
where αnx and αny are the dimensionless wavenum-
bers in the x- and y- directions, respectively. The 
amplitude of the bottom perturbation is represented 
by εA(t) with ε << 1 and c.c. denotes the complex 
conjugate of a complex quantity. Since ε is much 
smaller than one, the solution can be expanded in 
terms of this small parameter. Subsequently, the 
problem is linearized in such a way that the different 
spatial components of the bottom perturbation 
evolve independently from each other. Then, the hy-
drodynamic problems at O(ε0) and O(ε 1) consist of 
solving the flow induced by tide propagation over a 
flat and a wavy bottom, respectively, and do not dif-
fer from the problems addressed by Blondeaux & 
Vittori (2005a,b). The reader is referred to Blon-
deaux & Vittori (2005a,b) for a description of the so-
lution procedure.  

Once the flow field is known, the sediment trans-
port rates per unit fraction at the leading and first or-
der of approximation can be evaluated. Since the 
volume fractions are expanded with respect to ε too, 
it follows that 

  
QBx,i ,QBy,i ,QPx,i ,QPy,i  = QBx0,i ,QBy0,i ,QPx0,i ,QPy0,i   

 
+εA(t) QBx1,i ,QBy1,i ,QPx1,i ,QPy1,i ei (α xx+αyy)   

 
+c.c.+ O(ε 2) ,               (14) 
 
 

pc,i , pa,i , ps,i  = pc0,i , pa0,i , ps0,i  +  

 
ε pc1,i , pa1,i , ps1,i ei (αx x+α yy) + c.c.+ O(ε 2)    (15) 

 
Note that from Equation 15 it follows that  

dm
* = dm0

* + εA(t)dm1
* ei (αx x+αyy) + c.c.+ O(ε 2)   (16) 

 
With Equations 7, 14 and 15, the sediment continu-
ity equation for each grain size class can be written 
in the form 
 

pa0,i

∂A(t)

∂t
+ ∆LaLa0

∂pa1,i A(t)

∂t
= ∆γ i (t)A(t)   (17) 

 
in which an initially uniformly distributed bottom 
composition is considered, such that pc0,i is equal to 
pa0,i. Moreover, La0 is the dimensionless active layer 
thickness of the basic state which turns out to be of 
order 1. 

Summation of Equation 17 over all grain size 
classes leads to an equation that describes the time 
development of the amplitude of the bottom pertur-
bation 

 
∂A(t)

∂t
= ∆γ (t)A(t) ,     γ (t) = γ i (t)

i = N

N

∑      (18) 

 
Resubstitution of Equation 18 into Equation 17 leads 
to  
 
∆LaLao

∆
∂pa1,i

∂t
= pa0,iγ (t) − γ i (t)        (19) 

 
Since ∆La/∆ can be assumed to be much smaller than 
one, the time derivative of pa1,i in Equation 19 can be 
neglected. Then, using the constraint 
 

pa1,i = 0
i =1

N

∑                 (20) 

 
a linear system of N equations with N variables is 
obtained  

ai pa1,i = bi                 (21) 

In Equation 21, ai and bi are found by making ex-
plicit the dependence of γ(t) and γi (t) on pa1,i. Note 
that the critical value of the Shields parameter de-
pends on the mean grain size (Eq. 12) such that also 
the expansion of θcr

b,i in terms of ε leads to a contri-
bution to ai.  

The time development of the amplitude of the ge-
neric mode of the bottom perturbation is then given 
by 

 
 
∂A(T )

∂T
= γ (t)A(T )             (22) 
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in which the slow morphodynamic time scale T 
(T=t∆) is introduced and γ(t) is a periodic, complex 
function of t which depends on the parameters of the 
problem. The solution of Equation 22 shows that the 
growth or decay of the bottom perturbation is con-
trolled by the real part 〈γ〉R of the time average 〈γ〉 
(over a tidal cycle) of γ(t). On the other hand, the 
imaginary part provides information concerning the 
migration of the bed forms. The remaining real and 
imaginary  periodic parts (γ - 〈γ〉) of γ(t) describe the 
oscillations of the bottom forms taking place during 
the tidal cycle around their average position. 

4 RESULTS 

In the following, we present the effects of a grain 
size mixture on the formation and main geometrical 
characteristics of tidal sand waves, along with the ef-
fects on the bed composition. Because our attention 
is focused on the effects of the non-uniformity of the 
sediment, values of the hydrodynamic parameters 
typical for the North Sea are considered and set as 
default values. The average water depth is assumed 
to be 30 m and the latitude has the fixed value of 51o 
North. Moreover, the M2 component is supposed to 
be the dominant tidal constituent with a maximum 
value of the depth-averaged fluid velocity equal to 
0.7 m/s. Then, the Keulegan-Carpenter number r is 
equal to 161. The tidal velocity vector is counter-
clockwise rotating and the eccentricity, i.e. the ratio 
between the minor and major axis of the tidal ellipse, 
is 0.2. In all the forthcoming numerical experiments, 
these values are used for the hydrodynamic parame-
ters unless explicitly stated otherwise. For an analy-
sis of the influence of the hydrodynamic parameters 
on the phenomenon, the reader is referred to Besio et 
al. (2006). 

To characterize the sediment mixture, the loga-
rithmic phi-scale defined as φi = - log2(di

*/dref
*) is in-

troduced. Here, di
* is the grain size diameter in units 

of mm and dref
*=1 mm. Observations show that most 

grain size mixtures are approximately normally dis-
tributed if plotted on the phi scale. Therefore, we can 
describe the sediment mixture by specifying φm and 
σ, i.e. the mean grain size and standard deviation re-
lated to the phi scale respectively. They are evalu-
ated by 

 

ϕm = ϕ i pϕ ,i
i

N

∑ ,  ( )∑
=

−=
N

i
imi p

1
,

22
ϕϕϕσ    (23) 

 
where pϕ,i is the volume fraction of each grain size 
class related to the probability density function p(ϕ). 
The corresponding geometric mean grain size is then 
given by dgm

*=2-ϕm.  

Since Besio et al. (2006) illustrated that the most 
amplified modes are those characterized by crests or-
thogonal to the main axis of the tidal ellipse, we fo-
cus our attention to this case. Therefore, we intro-
duce the axes (x’, y’) such that x’ is aligned with the 
main axis of the tidal ellipse and perturbations char-
acterized by αy’ equal to zero are considered. More-
over, due to the symmetry of the forcing flow, no 
migration of the bottom forms is expected and in-
deed 〈γ 〉I vanishes. 

First, we investigate the effect of describing the 
mixture more or less accurately, i.e. using different 
values of N. Figure 2 shows the amplification rate   
〈γ 〉R as a function of αx’ for a uniform sediment and 
for sediment mixtures described by two, three, six 
and ten grain size classes. In all cases, the geometric 
mean grain size is equal to 0.6 mm and the standard 
deviation of the sediment mixtures is fixed equal to 
0.1. Note that a relatively coarse geometric mean 
grain size is considered, as sand ripples are more 
likely to be absent in this case. Moreover, the value 
of U0

* is chosen such that the sediment transport in 
suspension, presently discarded, is effectively negli-
gible. Figure 2 shows that the flat bed configuration 
is more unstable for a uniform bed than for a hetero-
geneous sediment mixture and the wavelength of the 
most amplified mode appears to be shorter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The growth rate 〈γ 〉R plotted as a function of αx’ for a 
uniform sediment and for sediment mixtures described by two, 
three, six and ten grain size classes. In all cases dgm

* is equal to 
0.6 mm and the standard deviation of the heterogeneous sedi-
ment mixtures is fixed equal to 0.1. 
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Figure 3. The growth rate 〈γ 〉R plotted as a function of αx’for a 
uniform sediment and for bimodal sediment mixtures with dif-
ferent amount of sortedness. The value of σ is changed between 
0.0001 and 0.3. In all cases dgm

* is equal to 0.6 mm.  
 
Moreover, it is found that an increase of N, i.e. a 
more detailed description of the bed composition, 
leads only to small quantitative differences. There-
fore to keep the analysis of the results as clear as 
possible, in the following experiments concerning 
the formation of sand waves, only bimodal mixtures 
will be considered. 

To investigate the influence of the standard devia-
tion σ, the growth rate 〈γ 〉R is plotted versus αx’ for 
sediment mixtures that are more or less well sorted 
but characterized by the same geometric mean grain 
size dgm

*=0.6 mm (Figure 3). A clear stabilizing ef-
fect on the growth rate is found when the standard 
deviation increases. In particular the largest effect is 
found when σ passes from 0.001 to 0.15. Of course, 
when σ tends to vanish, the results of the uniform 
case are recovered. Additionally, the results of Fig-
ure 3 reveal that the sand waves which appear for a 
graded sediment tend to be longer than those found 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The value of 〈dm1〉R plotted as a function of αx’for 
sediment mixtures described by two, three and six grain size 
classes. In all cases dgm

* is equal to 0.6 mm and the value of σ 
is fixed equal to 0.1. 
 

considering a uniform sediment. Similar results are 
found for sediment mixtures characterized by differ-
ent geometric mean grain size and for bimodal mix-
tures with the same geometric mean grain size but 
changing the Keulegan-Carpenter number (not 
shown).  At this point, the spatial variation of the 
bed composition related to the bed elevation is con-
sidered. From Equation 15 it follows that the real 
part dm1

*
,R of dm1

* describes variations of the mean 
grain size which are in or out of phase with the ele-
vation of the bottom while the imaginary part is re-
lated to a shift of the grain size distribution with re-
spect to the bottom forms. Since the problem is 
symmetric, the imaginary part 〈dm1

*〉I  of the time av-
erage 〈dm1

*〉  of dm1
* vanishes. In Figure 4 the value 

of the time average of the real part of dm1= dm1
*/dm0

* 
is plotted as a function of αx’ for sediment mixtures 
characterized by dgm

*=0.6 mm and a standard devia-
tion equal to 0.1. The accuracy of the description of 
the sediment mixtures is varied and mixtures mod-
eled by two, three and six different grains size 
classes are considered. Again, it appears that de-
scribing the bed composition more accurately pro-
vides no qualitative different result. Moreover, 
〈dm1〉R is found positive for all experiments, indicat-
ing a coarsening of the sediment at the crest and a 
fining at the trough of the bottom forms. Finally, the 
value of 〈dm1〉R corresponding to the fastest growing 
wavenumber for bimodal sediment mixtures and dif-
ferent amounts of sortedness is shown in Figure 5. It 
is found that the amount of sortedness of a sediment 
mixture does not qualitatively influence the value of 
〈dm1〉R and a coarsening at the crest and a fining at 
the trough is observed. 

To ascertain that the results previously described 
are not due to the use of a particular empirical sedi-
ment transport predictor, the analysis described 
above is also performed using the sediment transport 
formula proposed by Meyer-Peter & Muller (1948) 
such that the fractional bedload transport is evalu-
ated by 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 5. The value of 〈dm1〉R corresponding to the fastest grow-
ing wavenumber for bimodal sediment mixtures and different 
amounts of sortedness. In all cases dgm

* is equal to 0.6 mm.  
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(QBx,i ,QBy,i ) = 8(θi − θb,i
cr )1.5 (θx,i ,θy,i )

θi

       (24) 

 
In Figures 6 and 7, the results using Meyer-Peter 

& Muller’s formula are illustrated. Figure 6 presents 
the growth rate plotted versus αx’ for a uniform 
sediment and for bimodal sediment mixtures charac-
terized by a geometric mean grain size equal to 0.6 
mm, considering different values of the standard de-
viation. The results show a clear stabilizing effect 
when the value of σ is increased. Moreover, the 
wavelength is found to increase for heterogeneous 
sediment mixtures.  

Figure 7 presents the value of 〈dm1〉R as a function 
of αx’ for the same bimodal mixtures considered in 
Figure 6. Also using Meyer-Peter & Muller’s for-
mula, the real part of the time average of dm1 turns 
out to be positive, regardless of the value of σ.  

Hence, the qualitative findings of the proposed 
model seem robust with respect to the use of differ-
ent sediment transport predictors. 

Unfortunately, a detailed quantitative comparison 
of the theoretical results with field measurements 
concerning the sediment sorting cannot be made. 
This is partial due to the limitations of the model and 
to the paucity of field observations. Indeed, the 
model presented in this paper considers the seabed to 
be without ripples such that only grain size mixtures 
with a relative coarse mean grain size can be consid-
ered. Moreover, only relatively moderate values of 
the Keulegan-Carpenter number can be considered, 
since the transport of sediment in suspension is pres-
ently neglected. Although these limitations, the 
model does seem to capture the grain size sorting 
process. Indeed the theoretical predicted coarsening 
at the crest is in partial qualitative agreement with 
the observations described by Roos et al. (2006b). In 
this respect the authors feel that a description of the 
phenomenon also for larger Keulegan-Carpenter 
numbers could model the sediment fining at the 
crests of sand waves observed at some locations.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. The growth rate plotted as a function of αx’for a uni-
form sediment and for bimodal sediment mixtures with differ-
ent amount of sortedness. The value of σ is changed between 

0.001 and 0.2. In all cases dgm
* is equal to 0.6 mm. The result 

are obtained using the bedload transport predictor proposed by 
Meyer-Peter & Muller (1948). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. The value of 〈dm1〉R plotted as a function of αx’for bi-
modal sediment mixtures with different amount of sortedness 
(σ = 0.01, σ = 0.1, σ = 0.2). In all cases dgm

* is equal to 0.6 
mm. The result are obtained using the bedload transport predic-
tor proposed by Meyer-Peter & Muller (1948). 
 

Furthermore, the presently described results are in 
qualitative agreement with the results of Foti & 
Blondeaux (1995b) who, using both a theoretical 
analysis and experimental observations, showed that 
the sea ripple growth is inhibited by a graded sedi-
ment and the ripples which appear tend to be longer 
than those observed for a uniform bottom composi-
tion. 

5 CONCLUSIONS 

In this paper, a model is developed to study the ini-
tial formation of sand waves in shallow tidal seas 
characterized by a bottom made up of a sediment 
mixture. 

The main goal of the work was the investigation 
of the sorting process induced by the incipient 
growth of sand waves and the evaluation of the ef-
fects that a graded sediment has on the formation of 
the bottom forms.  

The analysis shows that for moderate values of r, 
i.e. for moderate tidal strengths, the graded sediment 
tends to stabilize the flat bottom configuration. 
Moreover, it is found that the coarse fraction moves 
towards the crests and the fine fraction to the 
troughs. Finally, the results show that a more or less 
accurate description of the sediment mixture, i.e. a 
description of the mixture with more or less grain 
size classes, has no qualitative influence on the re-
sults.  

Use is made of two different sediment transport 
predictors and no qualitatively different result is ob-
tained. Hence, the model does not seem to depend 
on the use of a particular sediment transport formula.  
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Furthermore, the present theoretical results are 
partially in agreement with the field observations de-
scribed in Roos et al. (2007b). 

The ongoing research aims at removing some of 
the limitations previously described. First, we want 
to take into account the time derivative of pa1,i in 
Equation 19 in such a way that grain size mixtures 
within the whole sand region can be considered. 
Secondly, the fractional transport of sediment in 
suspension needs to be modeled such that the phe-
nomenon can also be described for large Keulegan-
Carpenter numbers. Finally, a more detailed com-
parison of the model results with field data is neces-
sary to support the model findings. 
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