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beach. To reliably simulate the movement of sediment under these conditions,
it is first necessary to have a sufficiently accurate hydrodynamic description of
the motions of breaking waves. Such a model can then drive sediment
transport and morphology modules. Lawrence et a/ (2001) presented a model,
using a phase-resolving hydrodynamic model which solves the Boussinesq
approximation to the Navier-Stokes equations. This was coupled to a sediment
transport model of a single grain sized sediment. In this paper we present an
extension of this model, by including a sediment transport model of multiple
grain sizes.

The Hydrodynamic Model

The hydrodynamic model selected for this study is an implementation
of the weakly non-linear 1-D Boussinesq equations as derived by Madsen et a/
(1991) and Madsen and Sgrenson (1992), with free surface elevation and
depth-integrated velocity as variables. It allows for slowly varying
bathymetries and contains additional high order terms to improve the
frequency dispersion for shorter wave periods, thus also improving the
shoaling properties of the model. Wave breaking is modelled using the concept
of a surface roller, as formulated by Schiffer er al. (1993). Specific details of
this implementation are found in Ozanne (1998), and a study of its accuracy
with regard to velocity predictions and wave asymmetry is found in Ozanne et
al (2000). The model may be run with two types of land boundary. A
reflecting seawall boundary may be implemented, with a mass flux through the
wall of zero. Alternatively, a moving shoreline on a sloping beach may be
modelled. One technique for this is the 'slot’ boundary, described in Madsen et
al (1997) and implemented in Lawrence et al (2001).

The governing equations are:

o P ¢y

on o2 _, tinu
Ey + F (continuity)

P IR IPd) amn (1 ap
S L T A e
8t+ax+ pw +g pw 3+ 3x23t+

%  on|19%p 2
3 =
Bgh —3+h—[——+2th—2 0

(momentum) (2)

7 1
where volume flux P = judz , momentum flux M = _[MZdZ , and excess
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PZ
momentum flux due to the surface roller R = M — 7

The velocity profile of a breaking wave is defined by
u=c for n-0<z<n,
andu = uy for -h<z<n-6
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and therefore
2 -1
R= (c—u0)28(1 —é) = 8[0—5) (1 ——8-)
d d d

The slot boundary is implemented by adding a parameter to the
continuity equation. Full details may be found in, e.g. Madsen et al (1997) and
Kennedy et a/ (2000). Implementing the slot boundary has however proved
difficult. It is best used in regions of small (numerical) gradients of the
modelled advective quantities (Serenson O.R.,pers comm), and needs refining
to work on steeper shorelines. Typically, numerical filtering is required to
ensure stability of the numerical boundary. This however reduces the swash
zone velocities and therefore the sediment transport in this region.

The offshore boundary has been implemented as the source boundary
described by Larsen and Dancy (1983), which allows outgoing waves to pass
the generating boundary, and be absorbed by a sponge layer.

Validation of the hydrodynamic model is described in Ozanne et al
(2000). Comparisons are made between the model results and the experimental
data of Ting and Kirby (1994). Agreement is shown for the simpler hydro-
dynamic properties of wave crest and trough heights in the cross-shore profile,
and phase averaged values for wave elevation and velocity at measured
stations. Agreement is also shown for the third and fourth order statistical
moments of the modelled waves (skewness and kurtosis). This demonstrates
the reproduction of the asymmetric properties of the wave, in peakedness and
offshore or onshore dominant flow. Some of the validation results are shown
in figure 1. Here a sloping beach of gradient 1:35 is modelled, with a slot
boundary model. The figure shows the cross-shore profiles of the mean water
level (Mmean), and wave crest and trough heights (7max ~Mmean > Mmin = Mmean)- The
agreement with wave crest and mwl measurements from Ting and Kirby
(1994) is fairly good, and the discrepancy between. the modelled and
experimental values of maximum wave crest height is a consequence of the
weak non-linearity of the Boussinesq equations. This is explained in Schiffer
et al (1993). Figure 1 also shows the performance of the model in the swash
zone by including the shore line boundary. A further example of the
hydrodynamic results is shown in figure 2. Here the velocity field in front of a
sea wall at the head of a sloping beach of gradient 1:20 is shown.

Sediment transport and morphology models

For shingle beaches, bed and sheet sediment flow are found to
predominate. The approach taken to determine sediment transport is firstly to
estimate the bed shear stress from the depth mean velocity. Initially, this is
considered for a single grain size. A variety of formulations are presented in
Soulsby (1997). Some comparisons of their predictions were presented in
Lawrence et al (2001). The most appropriate determine a wave friction factor
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as a function of the wave orbital excursion (in turn a function of the orbital
velocity) and the Nikuradse equivalent sand grain roughness (a function of the
sediment grain size). The general form of the calculation is:

Bed shear stress 7, = -;— p fotdl

We have chosen the following formula, due to Soulsby (1997), for the friction
factor:

for =02377005

A
where ¥ = — , u, = near bed orbital velocity, 4 = semi orbital excursion,

K, = 3Dy, = Nikuradse equivalent sand grain roughness, and
Dy = 90% grain size.

Linear wave theory is used to estimate the near bed orbital velocity
from the depth mean velocity. The semi orbital excursion is then derived from
the maximum near bed orbital velocity. Figure 3 shows an example of the
shear stresses calculated during a model run of a 1:10 sloping beach.

The bed shear stress is then used to determine the onset of sediment
transport by comparing the Shields parameter with the threshold Shields
parameter. The formulation of Nielsen (1992) is used:

©=120"*(6-6"7)

q,=Plg(s— l)dzso3 12

where

6 = Shields parameter, 8, = critical value of Shields parameter,
s = relative sediment density and g, = sediment volume flow.

The critical value for the Shields parameter was calculated with the
parameterisation by Soulsby and Whitehouse (1997)
0.3
“ 7 1+1.2D.

+0.055(1— e~ "%

No account is taken by either the shear stress model or the transport
model of enhanced stress and therefore transport due to increased turbulence
from the breaking wave.

To extend the sediment transport model to a set of grain sizes, a hiding
function approach has been taken. This modifies the shear stress according to
the relative presence of different grain sizes. A good introduction to this is
given in Kleinhans and van Rijn (2002). The procedure is outlined here. Since
the sediment mixture is now time varying, the critical shear stress is now a
function of time:

Ter =Ter (Dso(D)
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The critical shear stress for each sediment fraction may then be

calculated according to
4

Terr | Pso,yr
Ter Dy

where 1, is the critical shear stress for the fraction f and Dsg indicates the
Dsg of the fraction £. ¢ is an empirical parameter which takes a value between 0
and -1.c = 0 corresponds to not correcting the Shields values and ¢ = -1
represents equal critical bed shear stresses for all size fractions. Kleinhans and
van Rijn (2002) discuss previous works estimating values of ¢ and report an
average value of approximately -0.65 . An example of calculated sediment
transport rates is found in figure 6.

Finally, the volume transport rate for each fraction f may be calculated
from

95, = q(Tb —Tcr,f)

The morphology model integrates the sediment transport rates to
determine changes in seabed level according to

d
a_Z + 1 Z qs’f = 0
Jot  (1-n)5 ox
where » = porosity of the sediment and Z = bed level.

The sediment fractions are individually sorted by considering the
conservation of mass of the separate fractions individually, as given by
equation 3. A schematic of the sediment layers is shown in figure 4.
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prand pydenote the percentage of fraction f'present in the active layer and the
substrate respectively. The morpho—dynamic model consists of a layer of
sediment available for transport, called the active layer, of thickness & which
rests on the sediment substrate. § is an adjustable parameter. Sediment
becomes mobile by erosion from this active layer, and is deposited onto this
layer. The exchange rate of sediment between the active layer and the mobile
sediment is the second term of equation 3. As the depth of the seabed changes,
the interface between the substrate and the active layer moves accordingly.
Sediment therefore numerically migrates between the substrate and the active
layer, and this exchange rate is the third term of equation 3. A model of this
type has been used by Pender and Li (1996) to study river sediments.
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Initial results and conclusions )

Two numerical wave tanks were set up. The first consisted of a 1:20
slope ending with a sea wall at a depth of 1m. A 3s sinusoidal wave input with
an amplitude of 0.5m was used at the offshore boundary. The grain size
distribution is shown in figure 5. This distribution was applied uniformly
throughout the model. Figure 6 shows an instantaneous sample of sediment
transport rates at the start of the model run. Note that the 2mm and 10mm
fractions have different transport rates but are equally present in the active
layer. Figure 7 shows the profile change in the seabed after 50 wave periods.
Erosion at the base of the sea wall can be clearly seen. The change in sediment
composition is shown in figure 8. A relative increase in the presence of the
10mm grain compared to the other fractions can be seen.

The second model consisted of a sloping beach of gradient 1:10 with a
moving shoreline. Using a single grain sized sediment the profile change in
figure 9 was obtained, with a steep shoreline typical of a shingle beach. Using
the sediment composition of figure 5, the profile changes in figure 10 were
obtained. The magnitude of change is much reduced, although the pattern of
erosion and deposition is similar. The change in sediment composition is
shown in figure 11. Here we can see relative changes showing a predominance
of the larger grains in the onshore deposition region, and a predominance of
the smaller grains in the offshore erosional region.

An experiment has recently been conducted in the Grosse Wellenkanal
in Hannover, Germany, which is a full scale test facility. A report of this
experiment is given in Lopez de San Roman-Blanco et al (2002). A sloping
beach of gradient 1:8 was installed in a channel with 4.7m offshore water
depth. Two sediment compositions were installed. First, a beach of gravel with
a D5 of 20mm was installed, and then a beach of 30% sand and 70% gravel
was installed. Each beach was subjected to a series of wave regimes. The
model has reproduced two features observed in this experiment, although this
is not yet validated. The first feature is the direction of sorting of grains sizes,
with smaller grains dominating the offshore region. The second feature is the
reduction of beach slope with the mixed grain beach.

Further Work

The approach taken has been a simple one, neglecting issues such as
velocity profiles, and turbulence. Nevertheless, sediment motion is of the
expected manner, and now a validation program for the model is being
developed. The operational limits of the model are currently being
investigated, to assess its suitability for use as a design tool for shingle
beaches. Currently, the model is being refined to model steeper beaches (up to
a 1:8 gradient, a characteristic of shingle beaches). When complete, this work
is intended to parameterise the results of the model for use in phase averaging
cross-shore transport models, which are currently being used for coastal
engineering design.
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Figure 1. Hydrodynamic results from numerical model on a sloping
beach,including comparison with Ting and Kirby (1994) experimental data.
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Figure 2. Cross shore velocity profile in front of a sea wall.
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Figure 3. Example of instantaneous shear stress calculations on a sloping
beach.
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Figure 4. Schematic of sea bed model for grain sorting.
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Figure 5. Initial composition of sediment for multiple grain size runs.
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Figure 6. example of instantaneous values of fractional sediment transport in
front of a sea wall.
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Figure 7. Bed profile changes for a beach in front of a sea wall.
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Figure 8.Changes in sediment composition for a beach in front of a sea wall.
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Figure 10. Bed profile changes for a multiple grain sized sloping beach.
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Figure 11. Changes in sediment composition for a sloping beach.
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