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ABSTRACT

In this paper the practical design of coastal mobile bed models is
considered. The semi-theoretical approach expressed by the author in
earlier publications (9,10,11,12) is extended and used to classify and
design coastal models. Fixed bed coastal models are discussed first to
form a basis for the argument. Subsequently, mobile bed models are
classified according to criteria of dynamic similarity satisfied in their
design and scale effects present in their operation. Basic scale laws are
next derived for all classifications of coastal models. This is done for
both inshore and offshore models, the distinction being brought about by
adjusting the velocity scales for unidirectional (and long wave) motion.
Time and sediment transport scales are next derived and some well known
models are compared. The presence of bedform and model distortion is also
treated. The work is compared with that of other authors.

FIXED BED COASTAL MODELS

For fixed bed short wave models (12) the basic model scales, where
distortion is allowed, are

ny=mn =ny;=n =n =n
- - - /2
n,=n =np=nmn €8]

n_=n_=Nn
X Yy

Here n 1is the model scale (prototype over model value) and N 1is the

model distortion. The subscripts refer to wave height (H) , wave length

(L) , depth of water (d) , vertical scale (z) , wave orbital amplitude (a) ,
orbital velocity (u) , time (t) , wave period (T) , and the horizontal
scales (x and y) . Where no subscript appears, n refers to the basic
(vertical) scale. Here it is considered that water is used as the fluid
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medium, i.e. the scales for gravity, fluid viscosity and density are unity.

When motion within the boundary layer is of interest the model
behaviour must be rough turbulent (9). For this case additional scales may
be derived (9,10,11) using boundary layer equations and a number of
assumptions.

Work by Riedel et al (22) and Kamphuis (14) on shear stresses below
waves has further shown that for rough turbulent flow, i.e.

Tk k
¥ ., 200 and 2 > o.01 (2)
[
6,2 K, 3/4
j = 0.2 ; (3)
uG §

Their research indicates that this expression is also approximately valid
in the transition region

*
5 < 200 (4)

Here v, 1is the shear velocity ( = J To/p) y T, is the shear
stress at the bottom, p is the fluid density, ks is the ''sand grain"
bottom roughness, v 1is the kinematic viscosity of the fluid, ag is the

wave orbital amplitude at the bottom, u, is the wave orbital velocity at

§
the bottom and ~ denotes the maximum value.

Equations 1 and 3 yield a practical shear stress scale

3/4
n. = n Nk / (5)
0 s

where Nk is the roughness distortion normally necessary in practical
s
models
Nk = /n (6)
s S

The effect of distortion of roughness is quite considerable. Equation 5
is of importance when determining friction losses for waves travelling
substantial distances in models as well as when determining shear stresses
on a mobile bed.

For the laminar boundary layer, experimental evidence (14,22)
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shows that
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where RE is the wave Reynolds Number ( = ﬁs ag / v ) . This expression
yields
n~ n1/4 (8)

W T =
o]

In this case the bottom material has no effect and the scale may be thought
of as a result of the scaling down of the waves only - hence the subscript
w . If for rough turbulent flow the waves only are scaled down, i.e. the
bottom material remains the same, then Eq. 5 reduces to Eq. 8.

For the unidirectional (and tidal) flow aspects of a coastal model
the following scales may be derived (9,10)

n; = nl/Z

n = ny = o= Nn €]
T T M T '/

ne = ng = N_1

Here U is the average flow velocity, f is the friction factor and S
the surface slope. Subscript & refers to long waves.

The friction factor scale requires a total shear stress which is a
function of model distortion, in order to achieve correct current patterns
in the model 1

J = n N (10)
where 1 is the shear stress required for unidirectional (or tidal) flow.
If a logarithmic velocity profile is assumed, an expression for the shear
stress on the bottom may be found.

2 1/4 a1

Equations 10 and 11 may be satisfied simultaneously by making Nk = N 4 .
s

This would, however, totally destroy any reasonable wave simulation near the

bottom. Thus for combination models, combining short waves and

unidirectional flow (or long waves), additional roughness in the form of

vertical roughness strips must be supplied. For the model, the additional

shear stress required is
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T
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o= ver, = Ronen MY (12)
s

where ™ is the prototype shear stress.

Most model studies assume inherently that the velocity scales are
equal to the shear velocity scales so that velocities may be used in model
analysis, rather than shear velocities or shear stresses. Examination of
Egs. 1, 5, 9 and 11 indicate that normally this is incorrect since

3/8 /8

S

n;/* = n, Nk and ol = nUNk1 (13)
S

2V,

MOBILE BED COASTAL MODELS

CRITERIA FOR DYNAMIC SIMILARITY

In mobile bed models the upper region, the boundary layer, the
bottom configuration and the sediment motion must be modelled simultaneously.
The criteria for dynamic similarity in modelling mobile beds have been
discussed earlier (9,10,11) and may be summarised as

nv* oy
n = (14)
Ry n,
n 2 n 2
P Vi n, Vg
n = = . = 1 (15)
F n_ n n, n_ n,
Yo D (pge) gD
™
S -
S 1 (16)
P
n
Sl
n, = 1 (17)

where R, 1is the grain size Reynolds Number, F, the densimetric Froude
Number, D the particle size, p the fluid density, Py the particle

density and Yo the underwater specific weight = (ps - p)g .
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MODEL CLASSTFICATION

It is impossible to satisfy Eqs. 14 through 17 simultaneously but
for Ry > 2 it would not be unreasonable to drop Eq. 14 (10, Fig. 1).
This would result in a scale effect at low shear velocities, i.e. at flow
reversals. The type of model where Eq. 14 only is ignored will be called
the "Best Model" (BM) for ease of reference and in Table 1, the criteria
satisfied and the scale effects present if criteria are not satisfied may
be found for this type of model.

Unless the prototype particle size is very large, it is impossible to
satisfy Eq. 17. The model material resulting from Eq. 17 would become too
small and the mode of material transport would change from bed load to
suspended load transport. This is unacceptable and Eq. 17 is out of
necessity quickly ignored. Two possibilities now present themselves. The
first is the use of sand as a model material. This meets Eq. 16, but now
Eq. 15 cannot be quite satisfied, while for most practical purposes Bq. 14
cannot be satisfied either. The scale effects resulting from the disregard
of Eqs. 14, 15 and 17 for this "Sand Model" (SM) may be found in Table 1.
It may be noted that unless the prototype transport is very small,
adjustments need not be made in connection with F, .

The second possibility is to ignore Eq. 16 resulting in a model with
lightweight material. It is now possible to satisfy Egs. 14 and 15
simultaneously. This model will be referred to as a ''Light Weight Model"
(LWM). Ignoring Eq. 16 involves additional scale effect shown in Table 1.

Because scale selection for IWM is rather restricted, laboratory
studies may be carried out, still counting on the fact that for R, > 2,
Eq. 14 may be ignored. This type of model will be referred to as the
"Densimetric Froude Model'' (DFM) since only Eq. 15 is satisfied,
ensuring that F, 1is correct.

Finally, all too often, the last step is taken and none of Egs. 14
through 17 are satisfied. This will be referred to as the 'Nothing Model"
(NM). In this case it is often ensured that sediment transport does occur
in the model, by artificial means such as exaggerating wave heights and
current velocities. This simply ensures that F, in the model is greater
than critical. Any similarity between model and prototype is strictly
forced by adjusting model quantities until the model approximates prototype
situations.

SCALE LAWS FOR SEDIMENT MOTION OVER FLAT BED

Consider first the sediment motion over a flat mobile bed. For this
case, Kamphuis (13) states it is not unreasonable to assume that

(18)
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For BM , Egs. 5, 11 and 15 to 18 yield the scales for D , Yg o T
and %o if it assumed that equations developed for flow without sediment
Eransport are valid for flow with sediment transport. This is not an
unreasonable assumption since in most cases the sediment transport is
purposely kept small to prevent suspension of the bottom material.

It may be seen that for the Froude velocity scale ( = nl/Z ) , the
shear stress resulting from unidirectional (or long wave) motion is scaled
down the same as the shear stress from wave motion. The current pattern
condition (Eq. 10) may be satisfied by additional roughness similar to the
fixed bed model, however, this model meets the additional requirement that
bottom shear stresses from wave and current motion are scaled down the same.
This is summarised in the first line of Table 2, cols 1 to 6.

o]

For SM Egs. 5, 11, 16 and 18 yield the second line (cols 1 to 6)
in Table 2. It must be noted that the shear stress scales resulting from
waves and currents may now be forced equal only by adjusting the velocity
scale for unidirectional flow (col 5) which will be no longer Froudian. The
current pattern condition, Eq. 10 may once again be satisfied by added
roughness (col 6).

In most cases, however, the condition of simultaneously correct
bottom shear and correct current patterns cannot be brought about simply by
adding roughness (ra becomes negative). In this instance, the model may

be distorted (col 7) to achieve shear and current similarity. But for
mobile bed models the maximum distortion must normally be rather small as a
result of other considerations such as stability of slopes and positions of
beaches (19). This means that col 7 often is not a feasible solution and,
either the bottom shear stress scale for unidirectional (or long wave) flow
is made the same as the bottom shear stress scale for the short wave

portion of the model (col 5), resulting in an incorrect current pattern or
the current pattern can be forced to be correct (col 8) causing unequal shear
stress scales at the bottom. This is done by adjusting the velocity scale
for unidirectional (long wave) action.

Inherent in this adjustment is a philosophical decision that a
coastal model is a waves model with currents and long waves added, i.e.
adjustable to give the required similarity. This is not the same
philosophical decision as made by Fan and Le Méhauté (4).

For inshore areas, e.g. in a littoral drift study, the shear resulting
from wave motion normally greatly exceeds the shear from current action. To
model these areas correctly, the governing velocity scale would need to be
as in col 8. In offshore areas, e.g. around deep-sea gravity structures,
where material is moved by combined wave and current action, the velocity
scale should be as in col 5. Distortions normally do not matter in these
latter studies and exact current patterns can be brought about by baffles.
In either case, the answer will be slightly incorrect because of a scale
effect resulting from not modelling either current patterns or shear
stresses correctly as well as from ignoring Egqs. 14, 15 and 17 (discussed
earlier). For convenience these two types of models will be labelled
Inshore Models (IM) and Offshore Models (OM) .
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For LWM , Egs. 14 and 15 express a relationship between v, , D and
Yg and Egqs. 5, 11 and 18 yield the third line in Table 2. Columns 6 and 7

are now very unlikely and it is imperative to make a choice between
modelling the bottom shear stress resulting from unidirectional (or tidal)
flow correctly or modelling current patterns correctly. Similar
relationships for DFEM and NM have been derived.

Table 2 shows that in most cases a choice must be made with respect
to correct bottom shear and correct current patterns. For correct bottom
shear resulting from unidirectional (or long wave) flow (i.e. a deep water
sediment transport model) - OM condition,

ny = n n,y (19)

while for correct current patterns (inshore models) the IM condition is

n, = ,5/8 " 1/2 nD—l/S 20)

PRESENCE OF BEDFORM

The above discussion refers totally to mobile bed models with a flat
bottom. Many models and almost all prototypes have bedform, in the way of
ripples and dunes, on the bottom. In the absence of research results on
shear stresses resulting from bedform below waves, it is assumed that as in
unidirectional flow

2,2

., = R (21)

where A 1is the height and A the length of the bedform, while < A is the

shear stress resulting from bedform presence only. Mogridge (17) has found
that for waves

n=n=nforYD<4O (22)

n. = n~ = n" =n (23)

This is the same as the flat bed (or grain) shear stress scales in BM , but
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it is considerably greater than the shear stress scales in the other models
where the grain size is distorted. Thus grain shear is certainly
exaggerated in these models relative to the shear generated by the bedform.
The total shear is of course a comhination of the two. In models where the
bedform generated shear predominates, it will be possible to use additional
roughness strips (as in BM) and to satisfy the current pattern and shear
conditions simultaneocusly.

Under waves, results obtained by Inman and Bowen (6} and Carstens
et al (2) indicate that Eq. 21 underestimates the actual shear stresses by
at least one order. This does not necessarily mean that Eq. 23 is incorrect.
Until accurate shear stress measurements over bedform under waves have been
made, Eq. 23 must be used.

This leaves one further problem. On a bed with bedform the direction
of sediment transport must be the same in model as in prototype. This
depends a great deal on the phase difference between the rise of the eddies
from the lea of the bedform and the main orbital motion. A number of papers
have been written on this subject and an interesting recent discussion may be
found in Ref. 7.

SEDIMENT TRANSPORT AND TIME SCALES

Most coastal mobile bed models are built to determine coastal
morphology in the future. For this it is necessary to determine sediment
transport scales and time scales for bed morphology.

From Ref. 11 it may be seen that the relationship for flat bed
sediment transport under two dimensional wave action 1is

q 0.
s s a
V*D = ¢ (R* » F* * 5 D @) (24)

where A is the volume of material transported per unit width and o is

the asymmetry of wave motion. Normally o is the same in model and
prototype if Eq. 1 is satisfied.

The sediment transport scale may then be derived as

nqs = m nv* ny (25)

where the scale effect m 1is a function of all the dimensionless ratios of
Eq. 24 ignored in the model design, as well as of the bedform present in
model and prototype.

Normally in offshore coastal models, the sediment transport is
governed by the wave motion rather than the currents (i.e. the currents
modify the transport resulting from wave action) and thus Eq. 25 can be
considered an adequate approximation of the sediment transport scale. The
corresponding time scale may be derived as
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2
n = N»n"

n (26)
t m nv* n, (1-p)

where p 1s the material porosity, i.e. volume of voids over total volume.
Both n and n are given in Table 3 as a function of model type.

S tS

To obtain a sediment transport scale for littoral transport in a
nearshore coastal model, it is postulated that the waves stir up the material
and the nearshore current pattern moves it along. Using the approach first
used by Bagnold (25) and assuming wave shear stress and unidirectional
velocities interact, the scale for littoral drift is

- -1
MNn n. 1y nY 27)

n
QS& [¢] S

The time scale for coastal morphology may be derived as

N n2 n
s (28)
= —> n
ntm M n%o ny 1-p)

Here M 1is the scale effect for littoral transport which is a
function of all the parameters ignored from Eq. 24. In addition M includes
the non-similarity of fall velocity, but more importantly, M includes the
non-similarity of wave climate. When a survey is made of some model studies
performed, one quickly recognises that the sediment transport and time
scales are defined very subjectively. The model wave climate may vary from
monochromatic waves from one direction to several waves from several
directions. These represent all sorts of prototype wave climates from short
term monsoon conditions to many years of net transport where the gross
transport is in both directions.

Both the littoral drift and time scales are given in Table 3 as a
function of model type. Table 4 gives a comparison of scales for a limited
number of models. It may be seen that M is very sensitive to the
similarity of wave climate. '

SCALES DERIVED BY OTHER AUTHORS

For fixed bed models, there is general agreement among the various
authors, but for mobile bed models certain differences in basic philosophy
are evident.

Valembois (23) derives scales for mobile bed motion which are similar
to LWM without the substitution of Eq. 18.
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Bijker (1) specifies four similarity conditions which may be reduced
to Eqs., 10 and 15 plus the condition that the shear velocity scale is the
same as the orbital velocity scale. The last condition would appear to be
incorrect except for BM .

Fan and Le Méhauté (4) satisfy Eqs. 14 and 15 like in LWM , but use
the unidirectional (or long wave) considerations as basic and assume all
roughness to be bottom roughness (i.e. no vertical roughness elements).
This causes a coastal model to be an extension of a unidirectional flow
model (waves are added). In this paper it is argued that a coastal model
is a waves model and the unidirectional portion is adjusted to suit the wave
conditions. This is a little more realistic since the wave shear stresses
normally dominate and unidirectional (long wave) components can then be
adjusted to yield an inshore model (current patterns correct) or an offshore
model (shear stresses the same for unidirectional and wave phases). Fan
and Le Méhauté also propose a morphology time scale which differs
considerably from Eq. 28.

Yalin (24) differs from the present analysis only in the extent of
the argument (he also deals mainly with LWM ). He proposes a distortion
equal to n .
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