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Abstract

A contact load layer model is presented, dealing with the effect of suspended sedi-
ment on total sediment (ransport near the bed. The contact load layer is identified as
the transition zone between the outer region (suspension layer) and the bedload layer.
First, the physical aspects of momentum transfer are discussed and the contact layer
is defined. IFurther, following Deigaard (1993) a new formulation of the skin friction
being a combination of turbulence and the collisions between the grains, based on
the diffusion concept, is postulated. Making use of the proposed solution procedure,
the new system of equations is employed to compule time-dependent sediment con-
centration and velocity, wave-period-average concentration and transport rate (net
and average in half period), together with the determination of two calibration coef-
ficients, basically unknown in Deigaard’s (1993) approach. The bedload model of
Kaczmarek ct al. (published simultaneously) provides the boundary conditions for
the solution of the contact load layer. The comparisons between the model results
and available laboratory data yield satisfactory conformity. Significant discrepancies
between the model results and experimental data are found at higher levels above
bed. They are most probably Jinked to convective events in flow reversal.

1. Introduction

It is well known that hydrodynamic processcs in the wave and current bottom
boundary layer are highly non-linear, sce e.g. Soulsby et al. (1993) and Nielsen
(1992). However, non-linecarity is even more pronounced in relation to sediment
transport processcs, due to the additional constraints of the threshold condition for
scdiment motion and of the non-lincar relationship between the bed shear stress
and the sediment pick-up rate. Recently, sufficiently detailed near-bed velocity
and sediment concentration data, e.g. Ribberink & Al-Salem (1994, 1995), have
become available to test not only the overall predictions of net ratio of sediment
transport made by different modelling schemes but also, very importantly, the
accuracy with which these schemes represent detailed boundary layer processes
in reversing oscillatory flows.
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Flat beds of loose sand under waves, as well as under steady flow may offer
considerably more resistance to the flow than sand paper with the same grain size.
This is a consequence of the momentum transfer by moving sand from the flow
to the bed. It is, however, difficult to estimate this momentum transfer and the
number of related data is greatly limited. Therefore, a generally accepted method
for a continuous description of processes with nonmovable bed, through to the
formation of a sheet flow layer, and a suspended load, is still not well established.

Recently, Davies et al. (1997) have shown the comparisons which have been
made between model predictions and measurements of both time-dependent sed-
iment concentration, and also wave-averaged horizontal velocity and concentra-
tion. The predictions of four sediment transport models were compared with de-
tailed laboratory data sets obtained in the bottom boundary layer bencath regular
waves, asymmetric wavces, and regular waves supcrimposed co-linearly on a steady
current. They showed that our present incomplete understanding of momentum
transfer and of the associated sediment pick-up, in reversing oscillatory flows im-
poses potentially severe limitations on existing predictive methods. First, none
of the four models provided a good detailed description of the time-dependent
suspended scdiment concentration, duc mainly to the inability of conventional
turbulent diffusion schemes to represent the cntrainment of sediment into sus-
pension by convective events at flow reversal. Second, the four models discussed by
Davies ct al. (1997) werc primarily models of sediment in suspension, and did not
include physical processes which occur in the high concentration, sheet flow layer.
Hence, the consistency of these approaches in terms of the choice of a matching
level between the bedload and suspended load layers is highly questionable.

To resolve this matching problem, a clear physical description is needed for the
processes in the layer between immobile bed and elevations where all sediment
moves in suspension.

An attempt to shed light on near-bed phenomena and interactions with em-
phasis on sediment transport as bedload was made by Kaczmarck ct al. (published
simultancously) who proposed that ncar-bed sediment dynamics be modelled in
two regions, i.c. a lower collision-dominated granular-fluid region and an upper
turbulent — fluid shear region with continuous profiles of stress and velocity con-
necting both regions. Comparison of model results with a range of experimental
data has suggested that the model is capable of reproducing the hydrodynamic
drag and sediment bedload transport quantities (thickness and rate) on flat beds
of sediment for both low and high wave conditions. Hence, two types of indirect
experimental evidence of the hydraulic roughness, i.e. measured bedload quantit-
ics over flat sand beds under waves and effective bed shear stresses corresponding
to energy dissipation measurements are not nccessarily conflicting, as indicated
by Nielsen (1992).
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The aspect of asymmetric and irregular wave effects on bedload has been
included in the model proposed by Kaczmarek & Ostrowski (1996), which was
tested — inter alia — against IBW PAN laboratory data.

Model results of Kaczmarek et al. (published simultancously) do not, however,
take into account the effect of suspended sediment on total sediment transport
near the bed. The major purpose of the present study is to include this effect. It
is assumed that sediment conditions are such that bed forms do not occur hence
the bed can be considered flat.

The present paper is focused on the transition region (called contact layer)
between the outer region (suspension layer) and the bedload layer in a three-layer
sediment transport model. First, the physical aspects of momentum transfer are
discussed and the contact laycr is dcfined. Further, following Deigaard (1993)
a new formulation of the skin friction, being a combination of turbulence and
collision betwcen the grains, is proposed. The proposed description of skin friction
is bascd on the diffusion concept. Adopting the proposed solution procedure,
the new system of equations is employed to compute time-dependent sediment
concentration and velocity, wave-period-average concentration and transport rate
(net and average in half period) in the contact load layer. In general, the computed
nct sediment transport in the contact layer under asymmetric waves, together with
the bedload net sediment transport determined using the model of Kaczmarek ct
al. (published simultaneously), determines the net sediment transport in the near-
bed zone only. When the sediment transport is dominated by necar-bed transport
the calculated values can be considered as the total net sediment transport.

The present study involves the comparison of model results with a number
of data sets, including those of Zyserman & Fredsge (1994) for refcrence con-
centration; flume data of Sumer et al. (1996) for the shect flow layer thickness,
averaged over half a wave period; sediment transport measurements of Sawamoto
& Yamashita and Horikawa ct al.,, as reported by Niclsen (1992), small scale
laboratory tests carried out at IBW PAN, Gdansk, Poland, by the authors; and, fi-
nally, oscillatory tunncl data of Ribberink and Al-Salem, as reported by Van Rijn
(1993). Further, comparison is madc betwcen the model results and measure-
ments of time-dependent and wave-averaged sediment concentration, as well as
vertically-integrated net sediment transport rate, obtained in the bottom bound-
ary layer beneath sinusoidal and asymmetric waves in the Large Oscillatory Water
Tunnel at Delft Hydraulics by Ribberink & Al-Salem (1994, 1995). In all analysed
cases the agrecment is found to be quite satisfactory.

2. Momentum Transfer from Oscillatory Flow to Sea Bed
2.1. Formulation of the Problem

A typical vertical distribution of velocity on a rough bed is supposed to be char-
acterised by a sub-bottom flow and main or outer flow, as shown in Fig. 1. The

——
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figure provides an explanatory drawing with velocities and concentrations. The
collision-dominated granular-fluid region stretches below the nominal static bed
while the wall-bounded turbulent fluid region extends above it. The outer region of
pure suspension is characterised by a very small concentration, where the process
of sediment distribution may be considered as a convective and (or) diffusive pro-
cess. In contrast, the granular-fluid region below the nominal bed is characterised
by very high concentrations, where the intergranular resistance is predominant.

suspended load layer: convective and
u(z,t) ] diffusive process

g

contact load layer: collisions + turbulence

— /1

nominal bed

bedload layer: grain-grain interactions

collisions + Coulomb friction)

Fig. 1. Definition skelch

Since both water and grains are assumed to move in both regions, there must
be a certain transition zone between these two regions, in which the velocity and
stress profiles merge and preserve continuity of shape. The transition zone, called
a contact load layer, is a central topic of the present study. The velocity profile in
the contact load layer is assumed to be continuous. Its intersection with nominal
seabed is the apparent slip velocity ub which can be identified as a characteristic
velocity of sediment moving in the form of bedload. The downward extension of
the velocity distribution in the outer zone of the main flow yields a fictitious slip
velocity ug of the fluid at the nominal static bed level. Clearly, the fluid velocity
up is greater than the sediment velocity up.
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The above three-layer system of momentum exchange has recently been ob-
served in the measurements of concentrations carried out by Ribberink & Al-
Salem (1995).

2.2. Physical Bases

It is traditionally assumed, see for instance Wilson (1987), that the contact load
layer consists of several layers of grains in motion, and in these layers the applied
shear stress t is resisted by the sum of a granular component 7, and a fluid
component t5. As demonstrated by Bagnold (1956), t, is associated with the
intergranular stresses duc to particle collisions. The shear layer extends down to a
certain level (say nominal bed) at which the intergranular resistance 7, equals the
applied shear stress t. Further down towards the non-moving bed the intergranular
resistance is predominant and it can be assumed that the particle interactions
in the bedload layer produce two distinctive types of behaviour. The particle
collisions give rise to viscous-type stresscs, while further down towards the non-
moving bed, Coulomb {riction between particles (which remain in contact with
each other) give risc to plastic-type stresses.

Because the intergranular resistance is predominant in the bedload layer, it is
proposed that the weight of moving sediment is transferred to the grain skeleton
in the non-moving bed.

In contrast, the sediment in the contact load layer is transported partially as
bedload and partially as suspended load. This means that the sediment is carried
by both the dispersive stresses and by the fluid. When the suspended scdiment
is carricd by the fluid, its weight causcs an increase in the pressurc above the
hydrostatic. Hence, it can not be assumed that the stress transferred to the bedload
layer from the contact load layer corresponds exactly to the weight of the load.
This was illustrated by Deigaard (1993) who considcred a grain jumping in fluid.

Grain-grain-water interactions in the contact load layer are assumed to pro-
ducc three distinctive types of behaviour. The random motion of the sediment
grains, which is the basis for the diffusion process, is caused by a combination of
turbulence and the collisions between the grains in the contact load layer. These
two effects give rise to skin friction t’. Aside from the skin friction, a particle ex-
poscd to a turbulent flow will additionally feel a drag due to a pressure difference
on the up- and downstream sides of the grain because of flow separation. Thus,
the residual part of the total shear stress T — 7’ is carried as a drag on the moving
bed particles. This drag gives rise to convective sediment exchange rather than
turbulent diffusion.

The above shows that the two layers, e.g. bedload and contact load, differ
considerably in proceeding momentum exchange. Hence, the interface between
them, i.e. the level at which the intergranular resistance cquals the applied total
shcar stress, can be expected as a very distinct one. This is supported by the recent
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measurements of concentration carried out by Ribberink & Al-Salem (1995). The
detailed measurements of concentration showed the three-layer system with a
lower and upper sheet flow layer and a suspension layer. The lower and upper
sheet flow layer can be identified as bedload and contact load layers, respectively.
Sediment was picked up from the lower sheet flow layer at the two phases of
maximum velocity during the wave cycle, resulting in two concentration dips in
the lower sheet flow layer and two concentration peaks in the upper sheet flow
layer.

2.3. Solution Procedure

It is ncxt proposed that the downward extension of the velocity distribution from
the suspension layer to the bedload layer is described by the logarithmic distri-
bution and is controlled by effective bed roughness k.. The logarithmic velocity
profile cxtrapolated from the suspension region is positioned at zg = k. /30, the
height where the velocity profile approaches zero. Further, the flow at the top of
the contact load layer is assumed to be unaffected by the transition phcnomena.

These assumptions enable the problem of ncar-bed sediment motion to be
solved within the two steps, schematically shown in Fig. 2. In the first step, the
problem is reduced to bedload transport (Fig. 2a) the solution of which was pro-
posed in a scries of papers by Kaczmarck et al. (1994), Kaczmarek et al. (1995),
Kaczmarck & Ostrowski (1996) and rccently by Kaczmarek et al. (published simul-
tancously), who used a theoretical approach based on grain-grain interaction ideas
in analogy to the flow of dry, cohesionless materials. The iterative procedure was
employed to match the velocity and shear stress profiles in both regions (Fig. 2a)
using a theoretical bed level for the outer wave-induced flow of &, which was
taken as an arbitrary fraction of the thickness of the moving, collision-dominated
bed layer 6,.

It is proposed that the movement of sediment inside the contact load layer be
solved in the second step (Fig. 2b). In this casc the problem is focused on finding
skin effective roughness k. with determination of thickness & of the contact load
laycr. As a boundary condition it is proposed to usc the instantaneous (during the
wave period) sediment velocity uy (¢) and concentration ¢, (assumed to be constant
and equal to 0.32) at the top of the bedload layer, found from the bedload model
with &, /8, = 0.50.

3. Computational Background
3.1. Skin Friction Concept

Following Fernandez Luque’s, after Fredsge & Deigaard (1992), and Engelund &
Fredsge’s (1976) ideas, the momentum transfer in the contact load layer can be
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Two step solution
(I) bedload model (ID) contact load model

: (a) } (b)

iteration procedure for finding finding skin effecuve roughness &,
matching point A with with determination of & using u,
determination of &, and &, as boundary condition, found from step (1)

Fig. 2. Solution procedure

described by the cquation:

tf

T=1+T,+nFp (1)

where Fp is the average drag on a single moving particle, while n is the number
of moving particles per unit area.

It is assumed that the moving particles in the contact load layer reduce the
fluid shear stress 77 by cxerting an average reaction force on the surrounding
fluid. This reduction, however, is not as drastic as it is inside the bedload layer,
where the intergranular resistance is predominant. Further, it is proposed that
the velocity gradient inside the contact load layer is affccted by the presence of
sediment.

A new formulation for skin friction, which is considered as a combination
of turbulence and collision between the grains, is proposed. A new model of

sheet flow is developed, incorporating the diffusion concept presented by Deigaard
(1993).
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Each collision invoves displacement of the particles. The displacement is due to
the movement of the particles on passing along each other, which is proportional
to the grain size. The second contribution is due to the vertical velocities of the
grains produced during collision. The change of vertical velocity of a particle
immediately after collision is proportional to the velocity difference between two
particles. The combined vertical displacement A, including the two contributions
is to be given by the equation

du2d?s +cp,

Az=a
dz3w; ¢y

+ Bd @)

where « and B are the cocfficicnts, s — the relative sediment density, d — the grain
diameter, c,, — the added mass coefficient, ¢y — the drag coefficient and w; — the
settling velocity.

The vertical displacement of sediment grains duc to collision gives an exchange
of sediment in the term of a vertical concentration gradient. After Deigaard
(1993), this cxchange — by analogy to thc mixing length theory - can be described

in terms:
du Az d
AZ([E" ( T‘E( )) ‘—‘—UOI (3)
and
du ( , Az d A
AZ(!E (c + — 5 dz( )) vol (4)

at level z for upward and downward fluxes, respectively, gives a net upward flux
of
~3Az"—c— 5
dz°dz ©)

The number of particles per unit volume is ¢/vol, where vol is the volume of
a particle. A4 is the cross sectional area of a particle.

In addition to collisions exchange, sediment is exchanged during turbulence.
The turbulence is simply described by the mixing length theory, giving

—12% ©)

where [ is the mixing length [ = 0.4z.

Collisions will also cause vertical exchange of horizontal momentum. Each
grain has a momentum of p(s + cm)vol u, and by a derivation similar to Egs. (3)
and (4) the momentum exchange is found to be

du e dA Azdu 3 " (du
et OB GH " i 4
B W g 2 O IR =P 2% (s + cm) i ()
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The mixing length theory gives an exchange of flow equal to:

ol? (j”) ®)

By assuming that the settling of sediment keeps in balance the vertical ex-
change, and that the momentum exchange balances the shear stress, Deigaard
(1993) proposed two coupled differential equations to determine the mean con-
centration profile and the velocity profile:

|:§ ( hy "'ﬂ) d?c*(s + cm) +12} (fi:) =uf ®)

wsdz3 ¢y
dduls+c 2 _du du | dc
3 i m 7 siioil 2 —w
[ ( wdz3 g +‘B> a5t dz}dz o (10)

In general, two coefficients o and B have to be determined, e.g. by calibration.
For simplicity, equal values of @ and B have been assumed in further considera-
tions. It was assumed that (s + ¢,;) = 3.0 and ¢z = 1.0. The boundary conditions
for the above equations are that the scdiment velocity 1 and concentration ¢ arc
given at a certain level.

In the preliminary calculations, a tentative value of the sediment velocity up =
0.14 m/s was taken at the level z = 2.5d /30 while the sediment concentration at
this level was assumed to be ¢, = 0.32 (in conformity with the bedload model).
The calculations were made for two scts of the cocfficients o and B, ic. for
a=pf=0053and ¢ = B =0.5.

Fig. 3 shows the velocity profiles with lincar and logarithmic z axes, and con-
centration profiles. It can be scen that the velocity profile attains a logarithmic
shape at a distance from the bed. The roughness corresponding to this logarithmic
profile depends on the value of @ = . For the case of @ = g = 0.053 the rough-
ness equals 0.000525 m while for & = g = 0.5 the roughness amounts to 0.00173
m.

3.2. Reduction of Model Parameters

According to the discussion in Scction 2.2 it is still not clear how to cvaluate the
drag due to moving sand particles. It is possible, however, to overcome these diffi-
cultics by making an additional assumption that the sediment velocity distribution
at the contact load layer is controlled by effective skin roughness k, and that the
sediment velocity profile attains a logarithmic shape at a certain distance from the
nominal bed. By means of the above, sediment motion in the contact load layer
is determined by Egs. (9) and (10) and the following relationship:

U=t—-nkF= pu:f2 (11)
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Fig. 3. Preliminary results for u’f =0.041 m/s, up = 0.14 m/s and d =0.21 mm
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in which u} is the skin friction velocity, proposed to be found using Fredsge’s
(1984) differential equation for the variation of z;:

dzy  30*U(et) @ -z-1) 1 4dU
dwt)  kwei(zi—1)+1 ei(z;-1)+1 U d(wt)

(12)

As a result, the function z,(¢) is obtained and the temporal distributions of
the boundary layer thickness 8(f) and the skin friction velocity u(¢) are given by
the following equations, respectively:

k.
— e (A
é 30( D (13)
zZ|1 = HTK— (14)
us

in which U is the free stream vclocity.

It should be noted that the free stream velocity U(wt) can be described as
linear or non-linear, thus Fredsge’s (1984) model can be adapted to non-linear
(asymmetric) wave motion, as done by Kaczmarck & Ostrowski (1996).

The solution of Eq. (12) yiclds the values of u (1) if k, is specified as a fixed
constant value. Following Nielsen (1992) a value of 2.5d was adopted for the
cffective skin roughness &/, of the moveable flat bed.

Knowing the instantancous (during the wave period) skin shear stress pu}z(t)
it is possible to calculatc sediment concentration c(z, t) and velocity u(z, f) in the
contact load layer using Egs. (9) and (10) with the boundary conditions u; (/) and
¢ given at z = k. /30 from the bedload solution with &, /8, = 0.50. The proposed
solution depends on the coeflicients @ and 8 (@ = B). Making usc of the fact that
the velocity attains a logarithmic shape at a certain distancc from the bed and that
the roughness corresponding to this logarithmic profile depends on a, an iterative
procedure is cmployed to find & = B. The sought valuc of & = 8 which provides
the match of velocity profile yielded by Eqgs. (9) and (10) with the logarithmic
profile described by the skin friction parameters (k, and u}). The match is found
at the moment corresponding to the maximum skin shear stress.

The solution is restricted by a number of simplifying assumptions. Thercfore,
-the proper determination of the layer thickness 8. identified as the solution valid-
ity limit, plays a very important role. The sclection of criterion for d. can be based
on the degree of fit of experimental data comprising sediment concentrations and
transport ratc within the contact load layer. In the next section, two values for the
upper limit of the contact load layer arc tested against laboratory data, namcly
81/4 and 8,/2, wherc &; is the thickness of the bed boundary layer 8(f) calcu-
lated from Fredsgc’s (1984) model at the moment corresponding to maximum
free stream velocity. The value 8;/2 can be identified as the conventional bottom
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boundary layer thickness while 8;/4 denotes the upper limit of the region where
the logarithmic velocity profile is observed.

Finally, it is worthwhile noting that the turbulence damping by suspended
particles is represented in the model by the following relationships:

e = P& = Pirusz (15)

&s = kz(Prug) = xzu} (16)

in which &, is the mixing coefficient for solid material, ¥ is von Karman’s constant
(=0.4) and B is a factor which, according to Deigaard, after Fredsge & Deigaard
(1992), is always smaller than the turbulent momentum exchange coefficient e,
with difference proportional to w /uy.

4. Results of Computations Versus Laboratory Data
4.1. Reference Concentration and Sheet Flow Layer Thickness

The model has been run for two sets of water depth and wave period (A = 10 m,
T=839sand h=5m, T=23.6s) and for the grain diamcter d = 0.2 mm. In
addition, the first set of depth and period values has been run for grain diameter
d = 0.7 mm. The wave height has been changed in cach run so that a wide range
of sediment transport intensitics has been analysed. The model results for con-
centration at z = 1.5d have been compared with the experimental data of Guy et
al,, as interpreted by Zyserman & Fredsge (1994). The comparison, shown in Fig.
4, affords quitc good agreement.

The same scts of computational parameters have been used in the modelling of
the sheet flow layer thickness &;. The upper limit of this layer has been interpreted
as the level at which the model result for velocity at the moment corresponding
to the maximum skin shear stress attains the logarithmic velocity distribution
with an accuracy of 99% (cf. velocity profiles in Fig. 3). The distance between the
above defined level and z = k. /30, summed up with the bedload layer thickness by
Kaczmarck ct al. (published simultaneously), yields the sheet flow layer thickness
and is shown in Fig. 5 as a function of dimensionless maximum skin shear stress,
ic. Oy = u}, nax/[(6 = Dgd]. Tt can be seen that the shecet flow layer thickness,
cven in very severe storm conditions, does not exceed 20 grain diameters. Good
conformity between theoretical findings for the sheet flow layer thickness from
the prescnt model and the experimental data of Sumer et al. (1996) has also been
found, see Fig. 6.

4.2. Time-Dependent and Mean Concentration

The data used in the present comparisons were obtained by Ribberink & Al-Salem
(1994, 1995) for regular symmctrical and asymmetrical waves. The experiments
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Fig. 4. Bed concentration co: model results vs. experimental data by Guy et al. as interpreted by
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Fig. 6. Sheet flow layer thickness: model results vs. experimental data by Sumer et al. (1996)

were carried out in the Large Oscillating Water Tunnel (LOFT) at Delft Hydraul-
ics. All the data were obtained above plane sand beds, corresponding to very
vigorous conditions in nature, with median grain diameter d = dsp = 0.21 mm.
Suspended sediment concentrations were measured principally with an optical
concentration meter (OPCON) while concentrations in the sheet flow layer were
measured using a conductivity concentration meter (CCM), see Al-Salem (1993)
for details.

In the comparisons discussed below the aim has been to compare the model
predictions with emphasis on time-variation in sediment concentration c(z, ) at
different heights (z) above the bed. The data sets used for this purpose are the
series “C” of Ribberink & Al-Salem’s experiments: Conditions 1 and 2 for asym-
metric waves, with Uy = 0.6 m/s, T=6.5 s and Uy =06 m/s and T =9.1
s, respectively, and Condition 3 for sinusoidal wave, with Uy = 1.2 m/s and
T=72s

In Fig. 7 the model predictions for Condition 2 are compared with time-varying
sediment concentrations c(z,t) measured at two representative ordinates with
respect to the original bed level z = 0 (i.e. the undisturbed bed level prior to the
start of the experiment, identified as z = k. /30 in the model). The curve forz = —1
mm has been produced (for the time sectors in which the sediment movement
occurs) using the bedload model of Kaczmarek et al. (published simultancously)
while for z = +1 mm the concentration has been computed by the present contact
load model. At both levels the prediction shows satisfactory agreement with the
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data. The concentration at z = 0 is assumed to be ¢, = 0.32 = 848 g/l (with grain
density of 2650 kg/m®),

o z=(mm)
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Fig. 7. Time-dependent concentrations: model results for z = —1, 0, +1 mm (solid lines) vs.
measurements of Condition 2 (symbols), data after Al-Salem (1993)

The agreement between the model and experimental time-dependent concen-
trations has also been achieved for Condition 1. Here, the comparison shown
in Fig. 8 is made for z = +1 mm only. The model bedload concentration for
Condition 1 was presented by Kaczmarek et al. (published simultaneously).
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Fig. 8. Time-dependent concentrations: model results for z = +1 mm (solid line) vs.
measurements of Condition 1 (symbols), data after Ribberink & Al-Salem (1995)

Next, an attempt has been made to model the concentration using the present
contact load layer model at a higher level, namely at z = 1 cm, for Condition 2.
The result is shown in Fig. 9. It can be seen that at higher levels (0.5-1.8 cm) the
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measured time series of c(z, ) develops a more complicated structure, and con-
formity of phase between the model and the data is lost. Furthermore, the model
clearly overestimates the experimental values at the wave crests and underestim-
ates — along the rest of the wave phase. The reason for the failure of the model to
predict the phase angle of the time-dependent concentration is the appearance, at
around the time of flow reversal in the free stream between wave crest and trough,
of an additional peak in sediment concentration. Near the bed (z = 0.5 cm) this
peak is very small and the time series of concentration is dominated by the main
diffusion peak associated with the maximum velocity, hence maximum bed shear
stress, during the wave cycle. With increasing height, the additional peak grows in
relative importance, becoming larger than the diffusion peak at z = 1.8 cm and
dominating the concentration time series.
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Fig. 9. Time-dependent suspended sediment concentrations: model results for z = +1 cm (solid
line) vs. measurements of Condition 2 (symbols), data after Al-Salem (1993)

The importance of this additional concentration peak, identified by Davies et
al. (1997) as a convection peak, is demonstrated in experiments for asymmetric
waves, by Ribberink & Al-Salem (1994, 1995) who found that unsteadiness in
u and ¢ produced an “onshore” net transport of sediment close to bed, and an
“offshore” transport above this in the outer suspension layer.

Hence, the ordinate of 8;/4 (which corresponds to z = 0.5 cm for Condition
2) determines the upper limit of the region where the phase agreement exists
between the model and data concentrations. This value can be recommended as
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the upper boundary of the contact load layer for the purpose of net sediment
transport calculations.

However, despite the failure to predict the phase angle of c(z, f) in the outer
suspension layer, the model provides a reasonably accurate vertical profile of
wave-period-averaged concentration < c¢ > up to the level of 8;/2, as shown in
Figs. 10, 11 and 12 for Conditions 2, 1 and 3, respectively.
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Fig. 10. Time-averaged concentration profiles: model results (solid line) vs. measurements of
Condition 2 (symbols), data after Al-Salem (1993)

Further evidence of good model predictions in the context of time-averaged
concentration is depicted in Fig. 13 where the model results for z = 1 cm are com-
pared with experimental data of 10 wave series B and 3 series C of measurements
by Ribberink & Al-Salem (1994, 1995), as well as in Fig. 14 where time-averaged
vertically-integrated (up to 8;/2) concentrations (sediment load I,) are compared
with the tunnel data (series B) by Ribberink & Al-Salem, as reported by Van Rijn
(1993).

Hence, the above results suggest that §;/2 is a good measure of the upper
limit of the contact load layer for calculations of time-averaged concentration and
half-period sediment transport rate, in which phase shifts between concentration
and velocity are not that important.

In addition, Figs. 11 and 12 show that the plots of Davies et al. (1997) work,
these having compared the predictions of four 1DV boundary layer models of
suspended load with differing diffusive closure schemes: one-equation turbulent
kinetic energy (t.k.e.), kK — L, mixing length; and eddy viscosity (STP) models.
None of these models, as well as the present model, provide a good detailed
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Fig. 11. Time-averaged concentration profiles: model results (thick solid line) vs. measurements of
Condition 1 (symbols), Ribberink & Al-Salem data after Davies et al. (1997), and various
theoretical approaches (lines)

description of the time-dependent sediment concentration in the outer suspension
layer, due mainly to the inability of conventional turbulent diffusion schemes to
represent the entrainment of sediment into suspension by convective events at
flow reversal. On the present evidence, no clear-cut case can be made for the
advantages of sophisticated turbulence closure schemes inside the contact load
layer. However, the present model, together with the bedload model of Kaczmarek
et al. (published simultaneously), provides a continuous description of processes
from the immobile bed, through the bedload layer, the contact load layer, up to
the outer suspension layer, while the models discussed by Davies et al. (1997)
are aimed primarily at the prediction of the sediment distribution in the low
concentration suspension layer.

4.3. Half-Period Averaged and Net Sediment Transport

The same sets of computational parameters as used for determination of the sheet
flow layer thickness in Section 4.1 have been assumed as the model input in the
computations of sediment transport rate averaged over half a wave period. In
accordance with the discussion on the contact load layer thickness in Section 4.2,
the computations comprise the layer up to 8;/2. The model results are presented
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Fig. 12. Time-averaged concentration profiles: model results (thick solid line) vs. measurements of
Condition 3 (symbols), Ribberink & Al-Salem data after Davies et al. (1997), and various
theoretical approaches (lines)

in Fig. 15 as a function of 6, 5 defined by the equation:

(a1mw)2

l)gd

in which the special grain roughness friction factor f5 is based on a roughness
2.5dsp, where dsg is a median grain size, using the equation, Nielsen (1992):

0.194
fr5 = exp [5.213 (2'5d5°) ~ 5.977} (18)

br5 = %fz.s Y= fz (17)

aim

As one could expect, for low shear stresses, sediment transport consists mainly
of bedload while for higher shear stresses it is dominated by suspended load. The
contribution of suspended load is obviously bigger for fine sediments. It can be
seen from Fig. 15 that this contribution at low shear stresses is slightly more
pronounced for small wave periods while at high shear stresses, suspended load
is a little larger for long period waves. The above results from bigger values of
maximum shear stress and — on the other hand - smaller values of §; for short
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Fig. 13. Time-averaged concentrations at z = 1 cm: model results (+ and x for series B and C,
respectively) vs. measurements ( O and e for series B and C, redpectively), by Ribberink &
Al-Salem (1994, 1995)
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Fig. 14. Time-averaged sediment load: model results vs. measurements by Ribberink & Al-Salem,
laboratory data after Van Rijn (1993)



Contact Load Model and Sediment Transport Due to Waves ... 97

100.00
10.00—
'ég ]
1.00
I Calculations for:
£ A d=07mm,h=10m, T=8.39s
% + d=02mm,h=10m, T=8.39s
0.10 - ® d=02mm h=5m,T=36s
5 3¢ - - bedload by Kaczmarek et al. (1997)
-+ T [llll\ll I Til[llll

0.10 1.00 10.00

65

Fig. 15. Model sediment transport rate averaged over half wave period

periods. The value of §; plays a more important role in the regime of suspended
load, thus a grater suspended load contribution is achieved at high 6, s for long
wave periods.

The model results are compared in Fig. 16 with laboratory half-period sedi-
ment transport measurements. Since no significant differences between long and
short wave period results have been found, one approximation for long and short
wave period, for d = 0.2 mm, is given in Fig. 16.

Finally, the comparison between predicted and observed net sediment trans-
port rates for Ribberink & Al-Salem’s (1994) experiments is presented in Fig. 17.
Here, following the discussion in Section 4.2 on the upper validity limit for net
transport determination, computations have been carried out up to the level of
z = 61/4 only. With the exception of one experiment, compliance between calcu-
lated and measured values is reasonable.
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Fig. 16. Sediment transport rate averaged over half wave period: model results vs. laboratory data
of Sawamoto & Yamashita and Horikawa et al., as given by Nielsen (1992), and IBW PAN
laboratory data
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Fig. 17. Comparison between predicted and observed net sediment transport rates for 10 of
Ribberink & Al-Salem’s (1994) series B experiments (+) and for 2 of the series C (x), the dashed
lines indicate factor 1.5
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5. Conclusions

A contact load layer model, being an extension of the bedload model of
Kaczmarek et al. (published simultaneously), is proposed for the calculation of
sediment transport features, such as sheet flow layer thickness, sediment con-
centration and velocity distributions with depth in the vicinity of the bed under
sinusoidal and asymmetric waves. The bedload model is a basis of the proposed
approach as it provides the boundary conditions for the solution of the contact
load layer which makes use of the equations proposed by Deigaard (1993). An
iterative procedure has been developed to determine two calibration coefficients,
basically unknown in Deigaard’s (1993) approach.

The comparisons made between the model results and available laboratory
data in all analysed cases yield satisfactory conformity. Significant discrepancies
between the model results and the experimental data, in the context of time-
dependent concentrations, are found at higher levels of the contact load layer.
They are most probably linked to convective events in flow reversal. Now, there is
a need to carry out further studies in order to include the description of convective
terms in the present model.
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