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Abstract

variations, occut when the cross-shore profile consists of graded sediment.

 the same hydrodynam.lc regime; the basic rule is that finer grains are winnowed
from the bed in the most energetic areas by turbulent processes and are catried

energeuc areas. Terwindt (1962) studied cross-shore grain size vatations for the
~ location Katwijk along the- Holland coast before and after a' (minor) storm
event. The field results are discussed and compared to computational resilts of
a cross-shore mathematical model for graded sediments. The cross-shore
model represents the hydrodynamics, the sand transport rates per size fractiori
and the ‘bed evolution. The. effect of a minor storm ‘on the bed material

composition (coarsening effect) along the barred cross-shore proﬁ.le of Katwu'k

€an be reasonably well simulated by the model

l\ ‘ Introduction

Analysis of cross-shore bed surface samples shows the presence of systematic -

. grain size vatiations along cross-shore: profiles of many coasts (see Van Rijn
1998 for overview of literature). Pionectmg wotk on this subject was done by
Terwindt in 1962, who studied the grain size distribution along 2 cross-shote
" profile near Kath)k, The Netherlands (meso-tidal conditions).

Basically,-the cfoss-shore grain size distribution depends on the composition of
vatious sediment soutces (dunes, chiffs; deltas, shoreface) and the energy level

. of the wind and wave forces at work in a pattlculax environment. Generally, the - l
results of cross-shore grain size studies show that the mean grain size is greatest-

(coarsest) near the wave plunge point at the base of the beach -face (slopes
" between 1 to 10 and 1 to 30); the mean grain size decreases . up the foreshore

beachas well as down. the offshore bottom. A slight coarsenmg of the '

sediments has been observed over the bar ctests in the surf zone where the
waves break. The summer berms on the beach generally consist of somewhat
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_ Cross-shote grain size vatiations have been ‘observed along many coasts,
Selective sediment transport and sorting processes; leading to grain size

Each grain size fraction within a mixture of sediment responds differently to

away to less energetic areas, resultmg in coarsening of the bed in the more -
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coarser materials brought there by the relativeiy strong uprush of the swash

motion, but the fines may also be winnowed by wind action. -

~Generally, a seaward-fining and -thinning blanket of sand extends from the -

outer br\eakpomt bar to the 15/20 m depth coritouts; where it thins over ‘layers
of sometimes coarser sand. The fines originate from the dune, beach and surf
zone or from neatby deltas and are carred offshore by breaking-induced

i -bottom tutrents, dp currents and wind-induced currents. - ;
- Coarsening effects have been obsetved at the lower shoreface, where the

*sediments based o
* transport rates and morphology i a loop system). The model results will be
compared to the grain size data of the Katwijk profile (Holland coast) measured

SEgt -,

alongshore tidal and geostrophic currents increase in strength which may result
in the wmnowmg (removal) of local relauvelv fine sedi

metunes there is a transition zone in CtOSS

“shore direction consxstmg of a lanunated structure (thm layers of altemaung

fine-and coarse sediment).
The basic objective of the present paper'is the cross-

b(hydrodynamics, sand

by Terwindt (1962). The data set is described in Section 2. The model and
model results are described i m Secnon 3. '

2 Data of Katwijk profile, The‘ Neth’erlandsv

The results of Terwindt (1962) for .the locauon Katqu are ‘based on. the
analysls of samples collected in & summer “petio der different hydraulic.
conditions- -(fair-weather and minor storm: event). The maximum significant
wave heights " outside the surf zone were estimated to be about 2. to 3 m

" (lightship Texel) dutin; summer storm condmons The cross—shore size
P g gram

variations, presented in Flgure 1, show the followmg features:

¢ relatively coarse material (medl:m gra.msize dso of about 300 micron) in the -

shallow swash zone near the water line;

© 4 ®  systematic fining of sediment material in the seawa.rd ditection over the.

width of ‘the sutf zone; seaward of the outer " breaker bat, the dsp has
reduced to a value of about 140 micron during periods with calm weather;

- fining of sediment from the swash zone (300 tmcron) to the dune top (220

rmcron) .
o the sediments in the outer surf zone ate found to be somewhat coarset
(10% to 20%} after a storm period; the fraction 105-150 micton’ was
affected mostly; during calm periods the fraction 105-150 ‘micron is

shore modelhng of graded

dominant (50% to 70%) in the bed material; after a storm period the
contribution of the 105-150 fraction is reduced to about 20%; thus the
finer material is washed out during conditions’ -with higher waves. and is
_most probably transported in suspension to deeper water where it is
“deposited; during calm Weather fine matenal may be transported back to

" . the surf zone as bed load.

The results of TemndTlQQ) ate in good agreement with those of Stauble and

Cialone (1996) for Wt the Duck site. (USA)
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Figure 1.

3 Ci'oss-shofe modelling of graded sediments

Intro(_luctibn o

The model is based on a mulu—wave and a
mulfi-sediment &acuon approach in the ctoss-shote direction. The sand
transport method (Van Rijn, 1993) is unplemented as a submodule in the cross-~
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shore model. The bed composition is determined by using the one—layer
concept introduced by Hirano (1971) for tiver flow.

Sorting processes

Cross-shore sorting is related to selective movement of sediment particles ina
mixture near maplent motion at low bed-shear stresses and during generalised
transport at higher shear stresses. A basic question is ‘whether the initial

-movement of a particular size fraction within the total distribution of sizes is

affected by the presence of the other size fractions, or in other ‘words: is the
initial movement of a particular fraction equal to that of uniform material of the
same size as the fraction? Another quesuon is the behaviour of the fracttons
when all particles of the bed sutface are fully mobilised.

Two effects are nnporta.nt.
.

e _ the non-linear dependence of transport on particle diameter, for example:
* suspended load- transport is inversely proportional to grain size; g; = dm
with m between -0.5 and -2; bed-load transport may increase with gram
- size in the fine particle range (between 0.1 and 0.5 mm) and decrease with
grain size for coarse patticles (> 0.5 mm).

Fenton and Abbott 977) studzed the effect of relative protrusion (p/ d) on the
initial movement of grains in the transitional and fully turbulent regime; p=

protrusion of a particle above others and d= diameter. Test grains were placed :

on top of a rod between similar grains glued to the flume bottom. The rod was
then screwed upwards, pushmg the grain into the flow until it was swept away.
This was repeated. twenty times. Two types of grains wete used: 2.5 mm
diameter angular polystyrene grains and 5 to 10 -mm well-rounded pea gravel.
Relative protrusion was vatied in the range between -0.2 and 0.8. A negative

relative protruslon is a configuration with the top of the grain below that of the

adjacent grains: The maximum relative protrusion of 0.8 is that of a grain sitting

- above one of the interstices formed by the other grains. The ctitical bed-shear

stress for incipient motion (compared to that for zero profrusion p=0) was

found to decrease fot increasing positive relative protrusion and to increase for
negative relative protrusion values. Comparing the data of Fenton and Abbott
to the data of Shields, shows that the Shields curve teptesents conditions with

relative protrusions in the range of 0.1 for larger parucles to 0.3 for smaller
parttcles

For steady flow in gravel-bed rivers some researchers (Pafkér et al., 1982) have

found that all sizes in a mixture begin moving at nearly the same bed-shear
stress (equal mobility concept). Others (Komar, 1996) have shown that the
bed-load material is becoming coarser for increasing bed-sheat stresses to
approach the composition of the bed matenal at high bed—shear stresses in the
upper transport regime.

The critical bed-shear stress of individual fractions in a mixture is dlfﬁcult to
both define and measure. leferent approaches to the problem have been
presented.

Komar (1996) assodiates the critical condition for entrainment of g:avei-type
sediment with the maximum particle size (dmax) in the bed-load sample. Wilcock
(1993) and others analysed measured transpott rates of individual fractions for
conditions just beyond initiation of motion. The fractional bed-load transport

rates (qp;) are normalised to their availability (p;) in the bed matetial and plotted

as a function of the bed-shear stress (qui/p: against Tp). A small threshold
transport (say 0.0001 kg/s/m) is generally mttoduced as a threshold ctitedon to
find the threshold bed-shear stress for initiation of motion (thiers) Of each
particular fraction. Petit (1994) studied the motion of matked individual gravel
particles (dso between 12 and 39 mm) in a flume. The bed-shear stresses were
evaluated from measured near-bed velocity gradients, when initial movement of
marked parttcles was observed to occur.

Figure 2 shows the critical bed-shear stress as a function of particle dmmeter
based on the results of Wilcock (1993), Wilcock et al: (1988) and Petit (1994)
for unimodal sediment mixtures. The Shields curve for umform sediment is
also shown. :

Most of the data in Figure 2 are valid for relatively coarse sediment material
(d>1 mm). The data sets show a slight increase of the critical bed-shear stress
for the coarser fraction sizes within the mixture. The finest fractions (d;<1 mm)
of the Wilcock 1993 data set seem to have a somewhat higher critical shear
stress. The data set of Wilcock et al. (1988) shows constant critical bed-shear
stresses (horizontal line) for sand in the range of 0.5 to 1 mm. A horizontal line

.. in Figure 2 implies equal moblhty of all size Etactlons, all grain sizes of the

mixture ‘aré set into motion at the siame bed-shear stress. In- that case the

' composition of the transpotted bed- -load particles is the same as that of the

original bed material under all conditions. Based on the data of Figu.te 2, the
concept of equal mobility may be ,reasonably correct for gravel-type sediments
between 2 and 10 mm. The cutves cross the Shields curve (uniform sediment)
at approximately the median diameter, except for the data set of Wilcock et al.
(1988) As rega:ds the data crossing the Shields cutve, the larger sizes are set
into motton at bed-shear stresses that ate smaller than required for umform
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Figure 2 Critical bed-shear stress of individual size fractions in a mixture as a function of grain
diameter (modified after Wilcock, 1993) :

sizes, while the smaller size fractions require higher bed-shear stresses than for
uniform material. The reason for this is that the latgest sizes within 2 mixture
are more exposed to the flow, while the smaller sizes tend to be sheltered from
the flow by the larger particles. Thus, the larger particles in a mixture are
substantially more mobile than in the uniform-bed case.

According to Komar (1996), the selective rnobﬂ1ty pattern in finer materials
(sand) is opposite to that found in coarser materials (gravel). In sandy bed
material the entrainment of the finest fractions may be caused by relatively large

‘ bed-shear stresses (curve sloping downward to the right, see Figure 2). Thus, in

the sand-size range the larger grains may be selectively removed, leaving behind
the finer grains. The data set (MIT-funi, dso=0.67 mm) of Wilcock et al. (1988),

see Figure 2, does not confirm with the findings of Komar. More experimental
data in the fine sand range are needed to determine the critical bed-shear stress
of mixtures of sand.

The availablé data -of Figure 2 can be used to derive the eprsure or hiding
factor for particles in a mixture, as follows:

’ Tb JCF i . 7
C:':“—_“——F(d /dso) o)

N Tb P, shzelds

in which: - :

Toei = crtical bed-shear stress of fraction d; within a mixture
Toerishisss = critical bed-shear stress of fraction d; based on Shields curve
F = function of. o

The computed valﬁes of the exposure or hiding factor are shown in Figure 3.

The hiding factor or exposure factor of Egiazaroff (1965), defined as a
multiplication factor to the critical shear stress, is given by (see Figure 3):

[ 0ga9) T : ,
Q‘Log(wd,./dso)] - @

. in which

di = mean particle diameter of size class i
dsp = median diameter of bed material mixture

According to Komar (1996), the initiation of motion of a grain by the flowing .

fluid is related to the pivoting angle of the grain about its contact point with an

-undetlying grain, see Figure 3. Experiments have been performed to determine

how the pivoting angle depends on grain shape, grain size, grain orientation and
imbrication.

- An exposure factor can also be derived from the work of Komar (1996)

 ylelding

. /d -03
¢ =tan[90(i;lé 50) ] | o _ 3)

o
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in which:
di = mean particle diameter of size class i
dso = median diameter of bed material mixture

6, = 61.5° = angle of repose (or pivoting angle = angle between vertical
~ line and a line through the contact points of grains, see Figure 3) for

uniform grains; the &-factor goes to infinity for di/dso approaching
-about 0.283. : 4

Equation (3) is shown in Figure 3. For di/ds<1, the angle of repose increases
resulting in an increase of the hiding factor,
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Hiding factor according o Egiazaroff (1965), Komar (1996) and measured data
Top:  Hiding fuctors -

The hiding factor of Egiazaroff yields considerably smaller values than that of
Komar for di/dss<1, but both factors yield almost the same results for
di/dso>1. The data in Figure 3 can also be tepresented by a hnear expression,

namely §;= (di/ dso) .

. The approaches of Egiazaroff and Komar do not account for vortex—mduced

pick-up of smaller grains hiding between larger grains.

The total sand transport rate for all size fractions of a mixture can be obtained
by summation of the transport rates per fraction taking the probability of
occurrence of each size fraction into account. This method is herein referred to
as the Multi-Fraction method (MF method). The term Single Fraction method
(SF method) will be used for a representation based on one single
representative sediment diameter, namely dso.

The influence of the patticle diameter on the transport rate when suspended
load is dominant, can be evaluated by using a simple transport formuld of the
type qs = v3/d? (transport decreases with increasing diameter), neglecting the
effect of initiation of motion (v = velocity, d = diameter). In case of a
symmetrical size distribution (N = 7 fractions) the MF transport can be
expressed in terms of the SF transport, glvmg qs,N=7>qsN=1. Furthermore, the
wider the size distribution, the larger is the effect. When the transport rate is
proportional to d? in stead of d2, a similar result is obtained. Thus, the
transpott rates are the same, but in the former case (q; = d?) the finer particles
are dominant in the transport process, whereas in the latter case (qs = d?) the
coatser particles are dominant.

Comparative computations (Van Rijn, 1997a,b) using both the SF and MF-
methods for sand of 0.2, 0.4 and 0.8 mm (symmetrical size distribution) showed

~ that the bed-load transport rates based on the MF-method are. slightly to

significantly larger (depending on conditions) than those of the SF-method.
The suspended load transport rates based on the MF-method are significantly
smaller than those of the SF-method at small current velocities. The hiding
factor acting as a multiplier to the critical bed-shear stress has a substantial
effect on the transport rate. For asymmetric size distributions the transport rate
based on the MF-fraction method (without hiding effect) may become smaller
or larger than that based on the SF-method depending on size asymmetry
(more fine or more coarse material) and on the transport-diameter relationship.

_ The influence of the exposure or hiding factor is a reduction of the transport

rate in the case of dominant suspended load transport because the critical bed-
shear stress of the finer particles (hiding between the coarser particles) is
enlarged.
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Description of model (CROSMOR)

The propagation and transformation of individual waves (wave by wave
approach) is described by a probabilistic model (Van Rijn and Wijnberg, 1994,
1996). The individual waves shoal until an empirical criterion for breaking is

. satisfied. Wave height decay after breaking is modelled by using an energy

dissipation method. Wave-induced set-up and set-down and breaking-
associated longshore currents are also modelled.

The near-bed orbital velocities of the high-frequency waves (low-frequency
effects are neglected) are described by second ordeér Stokes theory and by linear
wave theory in combination with an empirical correction factor. .

The depth-averaged return cutrent (u;) under the wave trough of each
individual wave (summmation over wave classes) is derived from linear mass
transport and the water depth (hy) under the trough.

Streaming in the wave boundary layer due to viscous and turbulent diffusion of
fluid momentum is taken into account. The streaming (uy) in the wave
boundary layer is of the order of 5% of the orbital peak velocity and generally
onshore-directed in deeper water (symmetric waves). In shoaling waves in
shallow water, the streaming in the boundary layer may be offshore-directed.

The sand transport rate for each wave (or wave class) is detived from the
computed wave height, depth-averaged cross-shore and longshore velocities,
orbital velocities, friction factors and sediment parameters.

The net (averaged over the wave petiod) total sediment transport is obtained as
the sum of the net the bed load (qy) and net suspended load (qs) transport rates.
The net bed-load transport rate is obtained by time-averaging (over the wave
period) of the instantaneous transport rate using a formula-type of approach.
The net suspended load transport is obtained as the sum (q;= qs¢ + qsu) of the
net current-related and the wave-related transport components (see, Van Rijn,
1993). The current-related suspended load transport (qsc) is defined as the
transport of sediment particles by the time-averaged (mean) current velocities
(longshore currents, rip currents, undertow currents). The wave-related
suspended sediment transport (qsw) is defined as the transport of sediment
particles by the oscillating fluid components (cross-shore orbital motion). This
latter transport component involves a calibration coefficient () in the range
between 0.35 and 0.7. Computation of the wave-related and current-related
suspended load transport components requires information of the time-
averaged current velocity profile and sediment concentration profile.

The cutrent velocity profile is represented as a two-layer system to account for
the wave effects in the near-bed layer. The convection-diffusion equation is
applied to compute the equilibrium time-averaged sediment concentration
profile for current-related and wave-related mixing. The effect of the local

cross-shore bed slopé on the transport rate is taken into account. Details are
given by Van Rijn (1993)..

The Single- and Multi-Fraction methods are both implemented to compute the
sand transport rates. The Single Fraction method is based on one representative
particle size, which is taken as the median particle diameter (dso).

The Multi-Fraction method is based on a bed material schematisation into size
fractions. The sand transport rate is computed for each size fraction using an
existing Single Fraction method (replacing the median diameter of the bed
material by the mean diameter of each fraction) with 2 correction factor () to
account for the non-uniformity effects. Herein, the cotrection (hiding) factor of
Egiazaroff (1965) is used. The total sand transport rate for all size fractions can
be obtained by summation of the transport rates per fraction taking the
ptobability of occurrence of each size fraction into account.

The influence of the hiding factor is a reduction of the transport rate in the case
of dominant suspended load transport because the critical bed-shear stress of
the finer particles (hiding between the coarser particles) is enlarged.

The Multi-Fraction method, as used in the CROSMOR-model, results in a
transport rate larger or smaller than that based on the Single-Fraction method,
depending on the hydrodynamic regime and bed material size.

Bed level changes per fraction i are described by

ps(l_'—e)Azb,i + A(piq(,i)

n T Y N
in which:
7 = bed level to datum
Qi = gvi T qsi = volumetric total load (bed load plus suspended load)
transport per fraction 1
pi = value of fraction i
o = sediment density
e = porosity factor

The total bed level change is obtained by summation of the fractional bed level
changes over all N-fractions: Azpx= 2 AZbjxs

The bed material composition is computed in a thin (order of 0.1 m) surface
mixing layer applying a one-layer approach. This approach was introduced by
Hirano (1971) and later extended by Ribberink (1987). The thickness of the
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surface layer is herein assumed to be constant in space and time and is moving
in vertical direction with the bed surface in response to bed level changes
(deposition upwards and erosion downwards). Thus, the surface layer is always
at the top of the bed. The mixing of sediment within ‘the surface layer is
assumed to be effectuated within each time step (instantaneous mixing) by

small-scale bed form migration processes in the lower regime or by wave-

induced vortices in the sheet flow regime.

At present stage of research the bed matetial composition of the subsoil below
the surface layer is assumed to be uniform (no layered structure) and equal to
the initially specified fraction values (po;x)-

The bed material composition is computed according to . the following
procedure: :

e the sediment mass M of the surface layer at t= 0 is subdivided in masses

M,; based on the initial fraction values po;, as follows: My;= poxi M;

o the sediment mass M; of fraction i changes due to sediment deposition or

erosion at the surface of the bed; in case of deposition the mixing layer will -

move upward at a mte equal to the deposition rate, while an equal amount
of sediment with the composition of the mixing layer will be lost at the
bottom (exéhange at base) of the mixing layer; in case of erosion the
opposite process will take place and the mixing layer will move downward
eroding itself into the subsoil, hence sediment with the composmon of the
subsoil will be absorbed by the mixing layer;

¢ the new composition of the bed matetial of the mixing layer is given by:
Prittar = Mx,i,('*;«At/ M.

Hereafter, computatiohal results for the Katwijk profile are given.
Model resuits for Katwijk profile, storm event 1962

The basic input data are: H;0= 3 m (3 wave classes), deep-water wave incidence
angle (= 20°), longshore tidal velocity vo = 0.6 and -0.5 m/s, tide levels h= 0.8

~and -0.8 m, wave peak period T, = 8 s, bottom friction k;w = 0.05 m,

oscillating suspended transport y= 0.35, Multi-Fraction method (IN=5), dso=
0.14 to 0.28 mm (d; = 0.1; 0.15; 0.2; 0.3; 0.5 mm).

Computed results after 1 day for a variable hiding factor and for h.£=1 are
given in Figure 4. The initial particle size is represented by a variation between
dso= 0.14 and 0.28 mm (see Figure 4). At this stage only the observed trend
before the storm event is modelléd; the fluctuations around the trend are not

taken into account.
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The results for Katwijk profile can be summarised as: 1)
during a storm event the computed suspended transport is dominant and
offshore-directed in the nearshore zone, where the longshore current is
relatively large; the finer particles are eroded and carried seaward in larger
quantities than the coarser particles resulting in coarsening of the bed
surface in the shallow water zone between x= 560 m and 620 m; landward
of x= 620 m the bed material is fining slightly for h.f.=1; the obsetved ds-

-values are amazingly well simulated for h.f=1;

® the bed-load transport is dominant and onshore-directed in a narrow zone

(bar trough zone) between 520 and 560 m, where the longshore current is
relatively small; the coarser particles are eroded and carried landward in
relatively large quantities leading to a ‘slight fining of the bed material;

¢ seaward of x= 500 m the offshore-directed suspended transport is

dominant and finer sediments are more easily transported resulting in
coarsening of the bed surface in reasonably good agreement with the
observed data both for h.f= variable and h.f=1; the coarsening effects
seaward of x=300 m are not predicted;

* similar results were obtained for an offshore wave \height of Hy= 2.2 m;
coarsening effects up to x= 325 m were predicted by the model. '

4 Conclusions

- -Sorting” processes occur when the cross-shore profile consists of graded

sediments. Each grain size fraction within a mixture will respond differently to

the same hydrodynamic regime; the basic rule is that finer grains are winnowed

from the bed in the most energetic areas by turbulent processes and are carried

away to less energettc areas, resultmg in coarsening of the bed in the more

energetic areas.

The following conclusions are given:

¢ the bed-load transport increases with increasing particle diameter for
sediments between approximately 0.1 and 0.6 mm and decreases with
particle diameter for sediments larger than 0.6 mm; the suspended
transport decreases with particle diameter;

¢  during low wave-energy conditions the median particle size dso decreases in
erosion zones of the cross-shore profile, because the coarser particles are

? transported at :elauyely large rates; similarly the dso increases in deposition

zones; <has a substantial effect on the bed evolution .of

graded se&ments,

e during high wave-energy conditions the median particle size increases
(coarsening effect) in the shallow surf zone with breaking waves because
the finer sediments (suspension is dominant) are carried seaward;

o the effect of a minor storm on the bed material composition (coarsening
effect) along a barred cross-shore profile can be reasonably well simulated
(Katwijk profile).
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