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Abstract

The transport of sediment as bedload under wave action is studied both theoretically
and experimentally. A theoretical approach based on grain-grain interaction ideas is
proposed in analogy to the flow of dry, cohesionless materials. Nearbed sediment
dynamics is modelled in two regions i.e. a collision-dominated granular-fluid region
and a bed-bounded turbulent fluid shear region with continuous profiles of stress
and velocity connecting both regions. An iteration procedure is employed to match
the velocity and shear stress profiles in both regions using a theoretical bed level
for the outer wave-induced flow of §;,, which is taken as an arbitrary fraction of
the thickness of the moving, collision-dominated bed layer, 8,. Previous comparisons
with experimental data had suggested a value of &;, /8, = 0.5. The model has been
operated for a range of sediments and for both low and high wave conditions. Com-
parison of model results with a range of experimental data suggests that the model
provides realistic answers for both bed roughness and bedload transport thicknesses
and rates for flat bed conditions provided variable values of &;, /8, < 0.50 are used.
For sheet-flow conditions realistic values for bed roughness, bedload concentration
and transport rate are obtained for &, /8, = 0.50, although further model modifica-
tions are required to include the effects of suspended load. Finally, the model was
found to produce realistic values of bed roughness and sediment transport rates for
rippled bed conditions, provided & /8, = 0.50, which provides a measure of com-
pensation for form drag, which is not explicitly included in the model.

Notation
A1m — amplitude of water particle at the top of the wave boundary
layer,
c — volumetric solid concentration,

co — solid concentration corresponding to bed fluidisation,
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solid concentration corresponding to a stationary, closely
packed bed,

solid concentration at which the bed would shear freely,
grain diameter,

median grain size,

grain roughness friction factor,

wave friction factor,

acceleration due to gravity,

water depth,

apparent roughness height (laboratory data),
cffective roughness height (used in computer model),
vertical scale of bedload distribution,

Lp calculated for maximum shear stress,

time-averaged load defined as the time-averaged concentra-
tions integrated over depth,

bedload transport rate,

relative sediment density, ps/p,

fluid-sediment interaction parameter defined as S, = 6(d) /@,
wave period,

fictitious slip velocity at the nominal bed level,

apparent slip velocity at the nominal bed level,

total shear velocity,

maximum total shear velocity during the wave period,

slip velocity at the theoretical bed level,

maximum slip velocity at the theoretical bed level,

free stream velocity,

maximum free stream velocity,

time-dependent variable defined as z1(t) = U« /uy,
constant defined as o® = p,gd,

wave boundary layer thickness,

level at which ¢ equals ¢y,

ordinate indicating zero velocity level (bedload thickness),
bedload thickness for maximum shear stress,

limit of the downward extension of the turbulent velocity
distribution from the theoretical bed level,

dimensionless total shear stress (Shields parameter),
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625 — grain Shields parameter with grain roughness friction factor
fas,

6, — critical Shields parameter (= 0.05),

Bmax — Shields parameter for maximum shear stress during the wave
period,

Omax(d) — Shields parameter for maximum shear stress based on bed
roughness k, =d,

Omax2s4y — Shields parameter for maximum shear stress based on bed
roughness k. = 2.5d,

K — von Karman constant,

Mo, 41, u2 — functions of the solid concentration,

0 — water density,

Ps — grain density,

o’ — average normal stress,

ojj — stress tensor in granular shear region,

cr,-? — plastic stress tensor,

a:-:,f — viscous stress tensor,

T — bed shear stress (total),

tf — effective (skin) bed shear stress,

v — bed shear stress arising from form drag,

el — bed shear stress due to grain interactions,

@ — quasi-static angle of internal friction,

o — dimensionless bedload transport rate,

@B max — dimensionless bedload transport rate calculated for max-
imum bed shear stress,

o712 — dimensionless bedload transport rate averaged over 7/2,

v - angle between the major principal stress and x’-axis,

¥ — constant determined as ¥ = [(@1m@)?]/[(s — 1)gd],

1) - angular frequency.

1. Introduction

Sediment transport due to surface waves is a complex physical phenomenon, in
which are pronounced near-bed interactions between the wave-induced water mo-
tion and the sea-bed. The complexity becomes accentuated if the bed is porous and
moveable. The problem is also extremely complicated because of the non-linearity
of the near-bed interactions.

Proper understanding of wave-induced bedload dynamics requires a know-
ledge of the behaviour of sand grains in the collision-dominated, high-concentration
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near-bed region, particularly at high shear stresses and sediment transport intens-
ities when the near-bed sediment transport is known to take place in a layer with
a thickness that is large compared to the grain size. The flow in the bed layer may
not, therefore be described properly by conventional engineering models in which
bedload transport is assumed to occur in a layer with a thlckncss of the order of
one or two grains in diameter.

The present level of understanding of granular flow, which is influenced by
grain inertia effects, owes much to the now-classical papers of Bagnold (1954,
1956). His work was motivated by an interest in the mechanics of sediment trans-
port, including bedload transport in rivers. He derived simple equations to explain
the rheological behaviour for two regimes, termed macroviscous and grain-inertia.
In a macroviscous regime, viscosity of the interstitial fluid is dominant and the
shear and normal stresses are linear functions of the velocity gradu:nt while in a
grain-inertia regime the interstitial fluid plays a minor role and the major effects
are due to particle-particle interactions.

In flows of dry, particulate solids, the fluid phase can be neglected for almost
all values of the shear rate. At large shear rates, grain-inertia type of flow is
to be expected. For very small shear rates and high concentrations of solids, a
quasi-static deformation of the cohesionless soil is to be expected and not the
behaviour associated with Bagnold’s macroviscous flow. A “transitional region”
joining the quasi-static type of flow to the grain-inertia flow clearly must exist.

The major purpose of the present study is to shed light on near-bed phenom-
ena and interactions, with emphasis on sediment transport as bedload. Use will
be made of earlicr rescarch by the first author, who postulated a mathematical
model of bedload sediment transport in the sheet flow regime ignoring suspended
load contributions (cf. Kaczmarek 1991, Kaczmarek & O’Connor 1993a, b).

In the sheet flow model, the near-bed dynamics was modelled for flow regions
above and beneath the original static bed line. Figure 1 provides an explanatory
drawing, with stresses on the left and velocities and concentrations on the right.
The collision-dominated granular-fluid region I stretches below the nominal static
bed while the wall-bounded turbulent fluid region II extends above it. Since both
water and sand grains are assumed to move in both regions, there must be a certain
transition zone between regions I and II, in which the velocity and stress profiles
of regions I and IT merge and preserve continuity of shape. The lower boundary of
region II was positioned at yo = k. /30, the height where the logarithmic velocity
profile extrapolated from region II approaches zero, and the flow at the top of
the transition zone was assumed to be unaffected by the transition phenomena.
For analysis purposes, a theoretical bed level was chosen at &, above yo, the
quantity 8, being an arbitrary fraction of 8,, i.e. the thickness of the layer below
the theoretical bed layer down to the lowermost immobile edge of region I. It
was assumed that grain interaction cffects were predominant in the lower layer
(region I) while standard fluid dynamics determined the flow in region II.
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Fig. 1. Definition sketch

Making usc of Bagnold’s definition, which treats the bedload as a part of the
total load supported by intergranular forces, it was assumed that the bedload
layer was confined to the sub-bed flow region shown in Figure 1. Sayed & Savage
(1983) stress tensor concept was also used for the description of the effective
stresses inside the sub-bed flow region and following Einstein (1950), it was further
assumed that bed slope effects were small in modifying sediment transport rate
in the bedload layer.

The concept shown in Figure 1 is for moveable flat beds. Flat beds of loose
sand under waves 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. For rippled beds, it is, however, a
more difficult concept to deal with. The total bed shear stress © may be assumed
to consist of three contributions namely, a form drag, t”, a skin friction drag,
v, and a drag due to moving sand, t"”. The significance of each of these for
sediment transport is quite different. The form drag is generated by the difference
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in pressures between the upstream and the downstream sides of bed forms, and
it is assumed that there is no direct effect on the stability of individual surface
sediment particles. The main disturbing influence on the surface grains is generally
considered to come from the skin friction component t’ and to moving, sub-
surface grains from . For a flat bed, form drag is absent, so that v/ + 1" = 7.
For sheet flow conditions, the " component is generally considered to be the
dominant component.

In the present paper, it is first assumed that sediment conditions are such
that bed forms do not form so that the bed can be considered flat. The sheet
flow model, in which the dominant shear stress is taken to be r”, is used with
a fixed value of the &, /8, ratio of 0.5 as suggested by earlier sheet flow work
(Kaczmarek et al. 1994), to determine the thickness of the bedload layer and
sediment transport rate for a range of sediment conditions covering both low and
high wave conditions. Comparison of sediment transport rates and bedload layer
thicknesses is then made with a number of data sets, including those of Sawamoto
& Yamashita (1986), as reported by Nielsen (1992); with small-scale laboratory
tests conducted at IBW PAN, Gdansk, Poland; with oscillating tunnel data of
Ribberink & Al-Salem, as reported by Van Rijn (1993); and with flume data of
Sumer et al. (1996). Next, comparison is made between the effective roughness of
the sediment boundary produced by the model and experimental data reported
by Nielsen (1992). The results for flat bed conditions at low wave conditions
suggest that the ratio ;. /8, varies with wave conditions. Comparison of sediment
transport rates from the model with variable &, /6, values with Sawamoto &
Yamashita’s data, as well as limited data from IBW PAN tests, is then made to
show that the model yields reasonable values. Finally, the sheet flow model with
8sx /8n = 0.50 is applied to Ribberink & Al-Salem sheet flow data to show that it
yields good values for sediment concentration during the wave period.

2. Theory
2.1. Formulation of the Problem

The velocity profile in the transition zone is assumed to be continuous. Its inter-
section with the nominal seabed is the apparent slip velocity up. The downward
extension of the velocity distribution in the outer zone of the main flow yields a
fictitious slip velocity ug at the nominal static bed level.

The velocity distribution around a flat porous rough bed is controlled by bed
roughness and bed permeability. For the present, it is assumed that the velocity
is determined by roughness geometry and outer flow parameters, such as the
free-stream wave velocity.

The procedure described below permits matching of velocities in regions I
and II. The velocity profile in the upper turbulent layer, which is linked with
identification of an effective bed roughness height, k., is determined first, and
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then passed to the lower collision-dominated layer. The intersection of the two
velocity profiles is marked as point A in Figure 1.

2.2. Flow in the Turbulent Upper Region

It is assumed that the flow in the upper layer is described by the logarithmic
distribution: i
u 3
P In % (1)
in which uy and « are the effective flow shear velocity and the von Karman
constant (equal to 0.4), respectively and . is the effective roughness height related
to the location of the fictitious point of zero velocity of the outer flow.
In this work use is made of the value us max Which is the maximum bed shear
velocity (us(wt)) during the wave period T = 27 /w, that is max[us (wt)].
The quantity uf yay is determined from the solution of the integral momentum
equation for wave boundary layer flow derived by Fredsge (1984):

o+
t(d) 10 d
Y _ 0| Lw-wd 2
> 7 az( u)dy 2

£
30

in which § is the wave boundary layer thickness; it being assumed that all the ap-
plied hydrodynamic stress is balanced by the internal resistance from the collision-
dominated bedload layer.

The boundary condition at the upper limit of the boundary layer is taken
asu=U at y =8 + k. /30, where U is the free stream velocity. On the basis of
Equation (1), it is possible to write:

ke
b=om (€ —1) (3)
in which U
K
Z1 = ; (4)

Fredsge (1984) obtained a differential equation for the variation of z; after
re-arranging the integral on the right side of Equation (2), thus providing the
equation:

dzy 30k2U (wt) z1e® —z1—11 dU 5
dwt)  kwet(zi—1)+1 ez —1)+1Udot) ®)

The solution of Equation (5) has been achieved in the present study by the
Runge-Kutta second-order method. As a result, the function z;(¢) has been ob-
tained and the temporal distributions of the boundary layer thickness 6(¢) and
the friction velocity us(t) are given by Equations (3) and (4), respectively. The
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solution of Equation (5) yields the value of ufmay if k. is specified as a fixed,
constant value.

2.3. Effective Stresses and Flow in the Collision-Dominated Granular-Fluid
Region

The sub-bed flow (subzone I) is described within an (x’,z’) co-ordinate system
in which x’ is a horizontal axis and z’ is a vertical axis, with the origin at the
theoretical bed level, see Figure 1. The sediment in this subzone is carried by
the intergranular stresses and its weight is transferred to the soil skeleton in the
immobile bed. It is assumed that at any given level the sediment and water move
with the same velocity. The following equations, which indicate equilibrium of
horizontal and vertical forces, can be used to describe conditions in the steady
water-soil mixture flow, as proposed by Kaczmarek (1991):

ao'xfzr
az’

(6)

a
c(ps —p)g + E",(Uz’z’) =0 (7

where ps and p are the grain and water density, respectively.

Particle interactions in the sheet flow layer are assumed to produce two dis-
tinct types of behaviour. Coulomb friction between particles gives rise to rate-
independent stresses (of the plastic type) and the particle collisions give rise to
stresses that are rate-dependent (of the viscous type). Furthermore, we assume
the co-existence of both types of behaviour in the regime of flow considered here.
Accordingly, the effective stress tensor is divided into two parts, see Sayed &
Savage (1983)

oij =0 + 03 (8)

where a,-(} is the plastic stress and o;; the viscous stress. The tensile normal stresses
are considered positive.

In order to describe the dynamic stresses, use is made of Sayed & Savage’s
(1983) suggestions for the description of the viscous stresses due to chaotic grain
collisions, and for plastic stresses. Thus, for the case of a simple shear flow, it is

possible to write the following equations for the normal and viscous shear stresses:

2
ou
U::IIJ = Gz*fzf = _(”’0 e I-LZ) ('3;,') (9)
ou | du
O';rzi = Jz*fxf = M1 g @ (10)
where o}, =0}, 0}, =0, arc the normal and shear stresses, respectively.
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The coefficients g, 11 and u; are functions of the solids concentration ¢ and
may be estimated on the basis of the relationships proposed by Sayed & Savage
(1983),

w1 0.03

psd? - (cm — )13 )
po + 2 - 0.02
psd? - (em — C)1'75. (12)

In the above equations d is the diameter of the solid particles and ¢, (equalled
to 0.53) is the solid concentration corresponding to a stationary, closely packed
bed. Thus, the particle collisions give rise to non-Newtonian stresses that are pro-
portional to the square of the velocity gradient and increase rapidly with increasing
concentration of solids.

For two-dimensional deformation in the rectangular Cartesian co-ordinates x’
and z’, the Mohr-Coulomb yield criterion is satisfied by employing the following
stress relations for plastic stresses:

0l = —o'(1 + sin g cos 2y) (13)
03, = —o’(1 - sing cos 2y) (14)
0l = —o’singsin 2y (15)

where ¢ is the quasi-static angle of internal friction, ¥ is the angle between the
major principal stress and the x’-axis, and o’ is the average normal stress:

O" =~ (U.t{)’x’ -2*_ azo’z') . (16)

For isothermal flow, the stress o’ depends only on the bulk density, or in the
case of incompressible grains, the concentration of solids ¢. Here the following
approximate expression proposed by Sayed & Savage (1983) is used:

_ Wi 17
g =a (cm—c) (17)

in which o is a constant which may be assumed to have the following form:

a()

psgd

(18)

where g is the gravitational acceleration and cg the solid concentration (equal
to 0.32) corresponding to bed fluidisation and to a state of zero residual shear
resistance.
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For simple shear flow, the angle between the major principal stress and the x’
axis is equal to (Sayed and Savage 1983):

L :
V= i (19)

The continuity of the shear stress at the theoretical bed level requires:

2 u\?
puf = M1 |C=CD @
z'=0

Using Equations (9), (10) and (13), (14), (15) the balance of linear momentum
(6) and (7), according to Kaczmarek (1991) yields:

_ 2
a"(c co)singasinZylf + (a—") = pu? 1)

Cm —C 0z’

(20)

— 2
a“(c CO)(I—SinPSiD21.II)+(LLo+u2)(%) =

Cm—C
(ﬂfﬂ + M2)
M1

By climinating (2% )zfmm Equations (21) and (22) one obtains at level z":

az’

a? (c _CO) [1 —sin@sin 2y — (M) sincpsin2y'f:| =
M1

Cm—C

zl’
= pu} [[‘-’""_gﬂ} - [#]] +-pg [eds @)
1 c=Cp 1 0

The system of Equations (21) and (22) enables the calculation of the vertical
profiles of the sub-bed sediment concentration ¢ and velocity  in relation to a
known shear stress (pu?) at the theoretical bed level (z' = 0) for the various bed
material characterised by values ¢, d and p; and for fixed values of cg and c;.

c=cp

pu}+ (o = p3g [ cd 22)
0

3. Computations
3.1. Computational Background

Equation (23) can be solved for ¢ as a function of z’ by an iteration method in
conjunction with numerical integration. Integration starts at the theoretical bed
level (z/ = 0) with ¢ = ¢g. Proceeding downwards at each step, an initial estimated

I NPT BN T T par e G —
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value is used in Equation (23) to evaluate c¢. The calculated value of ¢ is next used
to obtain a better estimate of c. Iteration is stopped when the change in the value
of ¢ becomes negligible. Convergence is found to occur rapidly. The numerical
integration was carried out using the trapezoidal rule.

It is also necessary to assume the maximum value of ¢ at which the bed would
shear freely. In the present study, the maximum c value for shear, c,,; has been
taken as 0.5, after Sayed & Savage (1983), hence the denominators in Equations
(21)—(23) are never zero. For concentrations exceeding 0.5 it is assumed that the
particles arc locked together as a rigid mass. Integration is stopped when ¢ equals
Cms. This level is denoted as §,.

The values of ¢ are then used to calculate the velocity u from Equation (21),
Integration starts at the level 8, where ¢ = c,,,; with u = 0. At each computational
level 2/, the value of u is checked so as to ensure that the computation does not
result in negative values (cf. the form of Eq. (21)), In such cases the computed
velocities are replaced by zeros. The last singular point is denoted as the ordin-
ate J;, thus indicating the zero velocity level . The calculations are carried out
thereafter towards the theoretical bed level z/ = 0.

In the present model of the sub-bed flow, the plastic stresses disappear at the
theoretical bed level and the viscous stresses described by the relationships (9) and
(10) are in agreement with the sheet flow description proposed by Engelund &
Fredsge (1976). The latter authors used Bagnold’s concept for the stresses due to
particle-particle interactions (called dispersive shear stresses), which were taken
as proportional to the squared velocity gradient with the coefficient related to the
volume concentration. By employing Bagnold’s ideas as to how the fluid shear
stress is transferred to a bed covered by loose sediment, Engelund & Fredsge
(1976) found a functional relationship between the bed concentration ¢, at a
distance of the order of two grain diameters from the bed, together with the bed
shear stress. Values of ¢, become extremely small for very small and approach
0.32 for large values of bed shear stress.

3.2. Procedure

The theoretical bed level is defined by the matching point of the velocity distribu-
tion in the turbulent region and the sub-bed flow profile (Fig. 1). The matching
point is assumed to take place at the phase of maximum shear stress, although
at any other phase of oscillatory motion there must be some transition between
the two profiles. Both velocity profiles depend on .., which is not known a priori.
Upon selection of a certain initial value for k., the iterative computations are
continued as long as the sub-bed and logarithmic velocity profiles coincide at the
y = 8sx + ke /30 level. The quantity &, , being taken as a certain fraction of §,, is
shown in Figure 1 as a limit of the downward extension of the turbulent velocity
distribution from matching point A.
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An iteration procedure is proposed for finding the matching point between
the turbulent and sub-bed velocity profiles. The turbulent profile is found from
Equation (1) for the wave phase of the maximum shear stress pu#% ., which
is calculated from Equation (5) while the system of Equations (21) and (22)
provides the value §;, and the sub-bed velocity profile in relation to the known
maximum shear stress (pu%m), The calculations are stopped when the velocity
at the top of the sub-bed layer attains the value determined from Equation (1) at

y = 8sx + ke /30.

4. Experimental Evidence

The value of 8, is determined from Equations (21) and (22) for maximum shear
stress. The selection criterion for 8, (which is a certain fraction of 8,) can be
based on the degree of fit to experimental data comprising bedload thickness
and transport rate. A value of &, = 0.58, is shown below to be a reasonable
assumption for sheet flow conditions.

The computational procedure described above was previously run by Kacz-
marek & O’Connor (1993a, b) for the following conditions of Horikawa’s et al.
(1982) Test I: d = 0.2 mm, s = 2.66, ¢ = 244°, T = 3.6 5, Uy = 127 cm/s.
The quantity 8, /8, was taken as 0.50 and the effective roughness was found to
be k, = 7.3 mm. Kaczmarek & O’Connor (1993a, b) used the procedure outlined
above to find k.. However, the turbulent profile for the wave phase of maximum
shear stress was found from a numerical solution of the momentum equation
for the wave boundary layer (proposed by Kaczmarek & Ostrowski (1992) with
Brevik’s (1981) type of eddy viscosity) instead of using the simpler Equation (1).
Knowing k. the instantancous velocity profiles were obtained from Equations (21)
and (22), and numerical solution of the turbulent boundary layer flow. The results
of computations were presented by Kaczmarek et al. (1994) against experimental
data and conformity was found to be satisfactory for the sheet flow regime.

Knowing k. from the iteration procedure with &, = 0.58,, it is possible to
calculate from Equations (21) and (22) both the instantaneous sediment velocity
and concentration distributions in the bedload layer, as well as the instantaneous
bedload thickness &;. Following Nielsen (1992), the vertical scale of the bedload
distribution can be defined as:

8
1
e e INA ! 24
Ly=5es f c()dz (24)
0

The results of computations with & = 8,/2 are shown in Figure 2a while the
comparison of these results with the measurements of Sawamoto & Yamashita
(1986), as presented by Nielsen (1992), is shown in Figure 2b. The calculations
were carried out for the maximum shear stress occurring during the wave period
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and for a variety of wave and sedimentological conditions including those of
Sawamoto & Yamashita (1986), i.e. quartz sand with d = 0.2 mm and 0.7 mm, for
8 wave data sets (cf. Tables 1 and 2 in Sawamoto & Yamashita (1986)). The agree-
ment of both the general trend and the numerical values is good for large 6,5
values corresponding to sheet flow conditions, but not so good for low wave con-
ditions. The quantity Lp max resulting from the iteration procedure is presented
as a function of 6, 5 defined by the equation:

1 (a lmw):Z

Efz'sm (25)

b2s = %fz.sllﬂ =
where s = p;/p is the relative sediment density, in order to compare other authors’
findings with those given here. The special grain roughness friction factor f;5 is
based on a roughness 2.5dsg, where dsg is a median grain size using the equation,
Nielsen (1992):

0.194
fos =exp [5.213 (2'5“'50) -~ 5.977} : (26)

Aim

Further model comparisons have been made using the oscillating tunnel ex-
perimental data of Ribberink & Al-Salem (1992), presented by Van Rijn (1993).
Here, the time-averaged load L, was defined as the integration over the depth of
the time-averaged concentrations. Figure 2c shows the load L, as a function of the
peak forward orbital velocity from the oscillating tunnel data in comparison with
the present model. The model results for almost all tests lic below the measured
data. However, it should be noted that the present theory concerns only bedload
transport while the experiments of Ribberink and Al-Salem comprise a relatively
wide range of hydrodynamic conditions under which both bedload and suspended
load are present.

Further information is provided by Sumer et al. (1996) who define & as the
thickness of the sheet-flow layer. The value §, has been measured by visual obser-
vations, and hence may be subject to some degree of uncertainty. Figurc 3 shows
the comparison of the present model values of & max (i.e. 8 for maximum shear
stress during the wave period) with Sumer et al. (1992) data presented in terms
of the quantity Omax(2.5d). The value uf max(2.5d) in Omax(2.5d) originates from
Fredsge’s model (Eq. (5)) for a roughness of 2.5ds, instead of the original uy
in # taken from fitting the measured velocity distributions to logarithmic profiles.
This stems from two reasons: (1) the bedload thickness depends on 6, 5, as shown
in Figure 2a; (2) Sumer et al. (1996) show that the roughness maintains its usual
value ( 2.5d) for the range of @ < 1.5. A good model fit is obtained around 6,5 = 1
but discrepancies exist at both lower and higher values. Discrepancies at high 6,5
values may be due to the neglect of suspended load in the present model.
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S
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Fig. 2a. Model bedload thickness Lg max With & /8n = 0.5

On the basis of the above tests and comparisons with experimental data, it
is concluded that 8, = 8,/2 is a realistic assumption to use for bedload in sheet
flow conditions. A similar conclusion is obtained from the calculations of bedload
rate, defined as follows:

8

Op = f u(@', e, 1)dz' (27)
0

The instantaneous transport rate Qp is computed from Equation (27) by the
iteration procedure for k., from which the instantaneous sediment velocity u(z’, t)
and concentration c(z’, t) distributions in the bedload layer are obtained, and by
use of Equations (21) and (22) in relation to the instantaneous shear stress known
from Equation (5), A dimensionless flux ¢p is then defined by the equation:

O
= ———; 28
)] 176 —Dgd (28)
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Fig. 2b. Model bedload thickness L max (With &y /8, = 0.5) vs. laboratory measurements of
Sawamoto & Yamashita, data after Nielsen (1992)

Figure 4a shows the results of the computations of ¢p for maximum shear
stress conditions during the wave period for various conditions covering a wide
range of 6, 5. The transport rate can be approximated by the curve:

PBmax = 3.46,3 (29)
while the approximation of theoretical results averaged over 7/2 yields:
or2 = 1-3921,‘55- (30)

The comparison of the calculated dimensionless bedload rate averaged over
half a wave period (T/2), given as a solid line, with the laboratory data of
Sawamoto & Yamashita and Horikawa et al., as presented by Nielsen (1992),
is shown in Figure 4b. Conformity is considered to be good, except for the data
for large ¢7/2 values, which correspond to data for fine sand, where suspended
load is significant. Figure 4b also includes data from laboratory studies at IBW
PAN, which are discussed in the next section.
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Fig. 2c. Model time-averaged sediment load L, vs. laboratory measurements of Ribberink and
Al-Salem, experimental data after Van Rijn (1993)

5. Experimental Analysis of Bedload Transport
5.1. Experimental Setup and Procedure

The bedload sediment transport measurements were carried out in the IBW PAN
wave flume for a range of regular and random wave tests with a single sediment
size. The wave flume, 0.5 m wide and 22.5 m long, can use water depths of up
to 0.7 m. Reinforced concrete slabs 8 cm thick were placed on the bottom to
contain a sandy measuring section (also 8 cm thick) 7 m in length centred about
the middle of the flume. Natural sand with a grain diameter of dsp = 0.22 mm
was used in the experiments and a 6.3 cm deep sand trap was located within the
sandy section 2 m from its end.

" For each test, free surface clevation was measured at three points along the
flume. The horizontal component of free stream velocity was measured at one
point in the measuring section, using a micro-propeller, together with one of the
wave gauges, which was located above a sand trap. The other two wave gauges
were spaced 1/4*L from each other (L being a wave length) to estimate reflection
cffects which were found to be generally small, (in the flume 10-20% of incident
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Fig. 3. Model bedload transport thickness s, max vs. laboratory data of Sumer et al. (1996)

wave heights).The experimental setup, together with the sand trap, is shown in
Figure 5.

The sand trap, which consisted of two cells to measure both onshore and
offshore bedload components, was covered by a lid and buried in the sandy section
before each test. Waves were then generated until bed ripples were fully formed,
which took some 25-60 minutes. The lid, suspended on four strings, was removed
thereafter, together with the thin layer of sand on it. The wave action was then
continued for a further 1.2-15 minutes during which time sediment grains were
caught in the sand trap. Finally, the grains were siphoned from the trap and
weighed to determine the sedimentation quantity. The geometrical properties of
the bed forms were also measured so that their shape was known after each test.

A constant water depth of 2 = 0.5 m was maintained in the measuring section
during cach test. The experiments were repeated many times for each set of wave
parameters. In all, 141 tests were run, including 103 with mono-frequency waves
(represented by Tests 1, 2, 3, 4, 11 and 12) which have been analysed in the present
paper.

The conditions expressed in terms of 6 5 varied roughly from 0.1 in Test 3 to
0.4 in Test 12. This range of rippled bed (cf. Fig. 4b) is extremely important as the
majority of the transport occurs as bedload in this regime since suspended load
is small. At higher flow rates bedload will play only a minor role.
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Fig. 4a. Model bedload transport rate for maximum effective shear stress during the wave period
5.2. Model results vs. IBW PAN Laboratory Measurements

The experimental results are shown in Figure 6 and are compared with bedload
data obtained from Equation (30).

The waves measured in the flume were found to be slightly asymmetric in
shape, therefore, for better representation of actual laboratory conditions, the
theoretical results have been re-worked using the present model operated with
non-linear waves. The free stream velocity in Equation (5) was described using
2nd order Stokes theory, as indicated by Kaczmarek & Ostrowski (1992). Then,
for known distributions of uy in time, the instantaneous bedload transport rate was
found from Equations (21) and (22) for the entire wave period, integrated over
time and averaged over the wave period. The results are also shown in Figure 6.
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Fig. 4b. Model bedload rate vs. laboratory data of Sawamoto & Yamashita, Horikawa et al. (as
given by Nielsen (1992)) and IBW PAN laboratory data

A reasonable comparison of model and experimental data can be seen in
Figure 6, especially using the non-linear wave approach (except for Test 2). It
should be pointed out that for long and highly asymmetric waves, represented by
Test 11 (Ursell parameter of 40), the experimental data fits the non-linear model
much better than the linear model. The largest shear stress conditions generated
in the flume without wave breaking had a value of 6, 5 = 0.4 and were achieved in
Test 12. However, the Ursell number (equalled to 31) was less than in Test 11. In
Test 12, a very distinct concentration of suspended sediment was observed which
resulted in increased accumulation in the sand trap so that the experimental result
is larger than the model values, using either linear or non-linear wave theory.

6. Comparison of the Effective and Apparent Roughnesses

Conformity between the laboratory data for bedload sediment transport rate and
that calculated by the present theory with & /8, = 0.5 was found to be good for
low  which denotes a rippled bed. The present approach makes use of a single
fitting constant to enable the upper and lower layer velocity profiles to be matched
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Fig. 5. IBW PAN experimental setup

at theoretical point A (Fig. 1), The fitting constant (k.) is taken at the level of
zero velocity of the outer layer logarithmic velocity profile and as such could be
interpreted as the effective roughness height of the bed, in terms of the outer
flow.

The present model was next run for a wide range of small (h = 1.0m, T = 1.8
s) and large scale (A =5.0 m, T = 3.6 s) conditions and for two diameters of
sandy bed. The results of computations obtained by use of the iteration procedure
arc shown in Figure 7a in terms of the grain friction parameter 6,5 defined by
Equations (25) and (26), The model findings can be represented by the curve:

% = 479;09%8, (31)

The trend shown in the present results, i.e., that the effective roughness height
increases with decreasing 6,5, is similar to that shown by Nielsen (1992) for an
apparent roughness corresponding to rippled beds, found from available friction
and energy dissipation data (Fig. 7b). Nielsen (1992) showed that the apparent
roughness for equilibrium ripple formations is of the order 100d to 1000d and
arises from the external form drag produced by bed forms, which is not included in
the present paper. For artificial flat beds where measurements were taken before
ripples had time to form, Nielsen (1992) suggested that the apparent roughness
decreased with decreasing grain roughness Shields parameter. In terms of grain
roughness Shields parameter 6; s, the roughness corresponding to total drag on a
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Fig. 6. Bedload laboratory data (IBW PAN) vs. present model results

flat sand bed in the ripple regime may be cxpressed by the equation:

’;:1 = 170(/0,5 — 6. (32)

sce Figure 7b. In Eq. (32) 6. denotes the critical Shiclds parameter at which
sediment movement starts (= 0.05).

Becausc the form drag is absent in the case of artificial flat beds, it is assumed
that the total drag is applicd to the sediment load. In order to investigate this
aspect, a series of scnsitivity tests on the variation of k, with the ratio & /6, has

“been performed. Initially, three values of a constant ratio of & /8, (= 0.1, 0.5,0.9)
were used. The results are illustrated in Figure 8a. It can be seen that the trends of
the k, curves are identical for all ratios of & /8,. This trend is, however, related to
the constant value of &, /8, ratio kept for the entire range of &, 5. Using Equation
(32), it is possible to determine the variation of & /8, with 825 so that the model
reproduces the observed variation in k,, scc Figure 8b.
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Fig. 7a. Results of effective bed roughness computations with & /8, = 0.5

Next, using the variable &, /8, values, calculations were made using Equations
(21) and (22) to find bedload properties such as bedload thickness and transport
rate. These calculations have been carried out for a wide range of wave heights
and for two sets of depth and period values, i.e.h =5m, T =3.6sand h = 10 m,
T = 8.39 5, with d = 0.2 mm for both sets of parameters and additionally d = 0.7
mm for the long-period data set.

The results of computations shown in Figures 9a and 9b reveal that the present
approach with the fitting parameter k. given by Eq. (32) provides a good ap-
proximation of bedload thickness for (artificially) flat beds at low flow intensities
(625 <0.4), In the range of relative effective roughness values with 8,5 > 0.4
the theoretical results overestimate the experimental data. It seems that, for this
range of 6 5, the present approach with the fitting parameter k. given by Equation
(31), i.e. with constant ratio & /8, = 0.5, provides a better estimation of bedload
thickness.

The same conclusions can be reached from Figures 10a and 10b where the
calculations of bedload rate are shown for both fixed and variable values of 8, /3,
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Fig. 7b. Comparison of an apparent roughness found from friction and dissipation laboratory data
(k) with computed effective roughness (ke) for & /8, = 0.5 (solid line) and for variable 85 /3n
(dashed line)

ratio. In addition, the model results are compared with those from a special IBW
PAN cxperimental test, corresponding to those of Test 2 for rippled bed conditions,
in which the bed was artificially smoothed to maintain the conditions of a flat bed.
The experimental results for bedload rate for an artificial flat bed are compared
in Figure 10a with the results obtained in the presence of ripples.

It scems that the present model is capable of reproducing the hydrodynamic
drag and sediment transport rate on flat beds of sediment for both low and high
wave conditions provided the model is operated with variable &, /5, values with
a magnitude less than or equal to 0.50. If the model is used with a fixed ratio of
85z /8x = 0.50, it is possible via Equation (31) to reproduce realistic estimates for
total drag corresponding to rippled conditions although form drag is not explicitly
included in the model. The realistic nature of Equation (31) is further demon-
strated by calculation of wave-friction factor f,,, using Jonsson & Carlsen’s (1976)
formula for conditions appropriate to Madsen et al.’s (1990) laboratory tests for
regular waves. The results shown in Fig. 11 are presented in terms of a repres-
entative value of a fluid-sediment interaction parameter, defined by Madsen et al.
(1990) as: '

" Bmax(d)

S
r 6

(33)
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in which
u} .

(s —1)gd )

emax (d) s
is the Shields parameter obtained from the maximum shear stress (pu)zcmx(d))
based on grain-size bed roughness, i.e. for k, =d. Fig. 11 shows a realistic fit to
the laboratory data.

7. Bedload Concentration in Sheet Flow Regime

The comparison of the model dimensionless bedload rate with laboratory data
for total sediment transport rate presented in Figure 4b shows that at high flow
intensities the data points lie significantly above the theoretical curve. This is
due to the increasing importance of suspended transport. Figure 4b implies that
the suspended load is about five times larger than the bedload evaluated by the
present model. According to the discussion in the previous sections, it is, however,
assumed that the present bedload model is still valid in sheet flow conditions. This
is further confirmed by the results of model computations for concentration in the
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data after Madsen et al. (1990)

collision-dominated layer for conditions appropriate to the sheet flow experiments
of Ribberink & Al-Salem (1995) which were carried out in the large oscillating
water tunnel of Delft Hydraulics.

Figure 12a shows the model concentration (c, g /!) results in the bedload layer
for 85 /8p = 0.50 compared with measured concentrations at three levels. Rib-
berink & Al-Salem’s (1995) condition 1 has been used. The movement of grains
with d = 0.21 mm took place under asymmetric oscillatory motion (see velocity
plot (u) at the top of Fig. 12a), with U, s = 0.6 m/s and T = 6.5 s. The input free
stream velocity in the theoretical model has been represented in terms of a 2nd
order Stokes wave. Model results in Fig. 12a comprise only the time sectors in
which — according to Equations (21) and (22) — the sediment movement occurs. In
addition, the model vertical concentration and velocity distributions at the phases
of wave crest and trough are compared with measured values in Figure 12b. The
experimental data for the ordinates 0.5 mm and 1.5 mm below the theoretical bed
level have been extrapolated from the original plot (laboratory results in Fig. 12a
after Ribberink & Al-Salem).

The agreement between computed and measured data in Figures 12a and
12b is quite good, although the theoretical results show a flatter trend in the
concentration time series. The anti-phase behaviour of bedload concentration
with respect to sediment concentration in the upper layers and asymmetric effects
are well represented by the model. However, further work is needed to include
the effects of suspended load in the present model.
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8. Conclusions

An existing model of shcet flow sediment transport has been used to predict bed
roughness and sediment transport rates for a range of low and high wave con-
ditions. The bedload sediment transport model is based on a collision-dominant
drag concept and uses a single parameter, 4, to define the theoretical level of
the top of the moving bedload layer in relation to the effective roughness height
of the above-bed wave-induced flow. The value &, is set as an arbitrary fraction
of the depth of the moving bedload layer 8,. Comparison of model results against
a range of laboratory experiments shows that model as capable of producing real-
istic values of observed drag and sediment transport rates at low wave conditions
provided a variable value of & /8, < 0.50 is uscd. At high wave conditions cor-
responding to sheet flow, realistic valucs of drag and bed sediment transport rate
were obtained, as well as concentration values with wave phase using a fixed valuc
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of 85y /8, = 0.50. However, model modification is needed to introduce the effect
of suspended load. Finally, despite that the model does not explicitly include the
drag produced by bed forms at low wave conditions, using &,y /8, value equal to
0.50 allows to compensate the drag and to predict realistic values of bed roughness
and sediment transport.
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