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ABSTRACT 

Starting from the increase of the bed shear of a uniform flow due to 

wave motion, a transport formula for v/aves and current has been derived. 

With this transport formula scale relationships have been derived for 

models in which material transport, under the combined influence of waves 

and current has to be reproduced. 
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CHAPTER I 

INTRODUCTION 

1.1. Aim of the study 

For the study of phenomena along coasts, investigations in hydraulic 

models are rather often used. In general these models may be devided in 

two groups, viz.: those with fixed bed, and those with movable bed. In 

the first group mostly physical phenomena are studied which are rather 

well known, such as refraction of waves approaching a coast and diffrac

tion of waves when they penetrate into a harbour. In the second group, 

the development of the bottom configuration is studied. The phenomena 

governing this problem are not so well known, so that in this case the 

following statement, made by Birkhoff (S) applies rather well. 

"In practice, theoretical considerations are seldom in

volved in hydraulic model studies of rivers and harbours. 

Reliance is based on reproducing various aspects of the 

observed behaviour under actual conditions. It is hoped 

that variations in behaviour due to altered conditions 

will then also be reproduced to scale even though there 

is no rationed argument to support this hope". 

It is clear that Birkhoff meant here models with movable bed. The 

situation is even more serious since the conditions in the prototype are 

never completely known. Moreover, they are varying so much that even when 

they would be known, together with their influences on the development of 

the bottom configuration, and when it would be possible to reproduce them 

to scale in the model, it would not be possible to reproduce the complete 

sequence of events. As a conclusion from this, one could even say that a 

model is a rather dangerous tool in the hands of a not very cautious and 

conscientious investigator. On the other hand, however, it is also very 

true that a model can act as a means to guide the considerations of the 

engineer in charge of the design of the project. Moreover, the model may 

give indications about the effect of different well described wave and 

current conditions on certain obstnictions and structures. Particularly 

when the influences, which different types of structures will have on 

the development of the bottom configuration will have to be compared, 

very valuable information may be obtained. 

For reproducing of the bed configuration, even qualitative, it is 

essential that the scale to which the movement of material is reproduced 



in the model does not vary too much with the location. When this condition 

would not be fulfilled shoals would be either too high or too low, and 

scour holes would be either too deep or not deep enough. It is evident 

that this may lead to very dangerous conclusions. If, however, the trend 

of the divergence in behaviour of the model from the prototype is known, 

reliable results can be obtained, even if a complete invariability of the 

scale for the sediment transport is not obtained. 

In this study an attempt has been made to obtain a better insight in 

the physical phenomena which govern the reproduction of the bottom confi

guration in a model with a movable bed, especially if these bottom changes 

are the result of the combined action of waves and current. In paragraph 2 

of this chapter general scale relationships, which are valid for models 

where waves are reproduced are discussed, whilst in paragraph 3 special 

attention is drawn to the movement of bed material. In Chapter II an 

analysis is given of the procedure for the determination of scales. In 

the Chapters III and IV the physical phenomena, governing bed load move

ment under influence of waves and current, are discussed and in Chapter 

V relationships are given between the scales to which the different 

quantities should be reproduced in the model. 

1.2. General scale laws for the reproduction of waves in models 

In this study the ratio between the values of a certain quantity in 

the prototype and in the model will be indicated as the scale of that 

quantity. This scale will be denoted with the letter "n". A subscript to 

"n" refers to the quantity concerned. Thus, the length scale, for instance, 

will be written as "n ". For completeness' sake the normal scale laws to 

which waves are reproduced will briefly be discussed. 

The orbital velocity for a sinusoidal wave may be written in the first 

order approximation as: 

u)H coshky f j . ^ \ r-r n ^ \ 
u = :—^,—TJ cos (wt - kxj (1.2-1) 

2 smh kd ^ ' 

where u = orbital velocity at a distance y above the bed, d = waterdepth, 

u = wave frequency = 2T:/T, where T = wave period, k = wave number = 27I/L, 

where L = wave length, H = wave height from crest to trough and t = time. 

From this follows that the scale for the orbital motion can be written as: 
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n u = n n̂ ^ = w H 
"H 

^̂T 

cosh ky /x o oA 

n = n n„ ^ (I.2-2J 
u u) H n . , , -, ^ smh kd 

The value of n will have a constant value all over the model when the 
u 

values of n , , and n . , , ̂  are constant. This would only be possi-
cosh ky sinh kd 

ble if the values of ky and kd are equal for prototype and model at corres

ponding locations. This, in turn,would only be possible if the vertical 

scale would be equal to the scale to which the wave lengths are reproduced, 

so that: 
n, = n^ (1.2-3) 

In that case the values of the scales of the hyperbolic sine and the hyper

bolic cosine in equation (1.2-2) are equal to 1 and: 

(1.2-4) 

The scale for the wave period can be determined from the relationship 

between wave length and wave period: 

L = ĉ T (1.2-5) 

where ĉ  = celerity of wave propagation. 

In the first order theory, the celerity of wave propagation is exclusively 

a function of wave length and waterdepth viz.: 

ĉ = (| tgh kd)^/2 ^^^2-6) 

For n, = l/n, , the value of the hyperbolic tangent will be equal for 

prototype and model, so that: 

" "k 

From equation (1.2-5) follows that in this case: 

^ = nj^ (1.2-8) 

and from equation (1.2-4) that: 

% = - T ^ (1-2-9) 
"d 

The scales for the wave height and for the length dimensions of the model 

may still arbitrarily be chosen. If, however, the wave steepness in the 

model were to be equal to that in the prototype, the following relation

ship would have to be satisfied: 
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^T 

^H 

n u 

~ 

= 

= 

^d' 

"d 

1/2 
"d^ 

" H = \ = ^ d (1.2-10) 

If this condition is fulfilled, the breaking of the waves in prototype and 

model is initiated at corresponding depths. The actual breaking phenomenon 

differs in the model from that in the prototype due to surface tension. 

From this follows that, if the waves are to be reproduced geometrically 

to scale at all locations of the model, the following scale laws should 

be satisfied: 

'̂ /̂  (1.2-8) 

(1.2-10) 

and from this: n = n y ^ (1.2-11) 
u d ^ ^ 

The length scale of the model can still be freely chosen. 

By refraction is understood the phenomenon whereby the propagation of 

a wave train is governed by the relationships between wave lengths at dif

ferent locations (19). Due to the fact that the wave height varies only 

little along the wave crest, the component of the energy flux in the 

direction of the crest line may be neglected. From this follows that the 

only requirement for correct reproduction of the refraction is an invaria

ble scale for the wave length over the entire model. Therefore, in the 

case of refraction due to the bottom configuration, the necessary and 

sufficient requirement is also: 

n^ = n/2 (I.2_8) 

The scale to which the wave heights are reproduced is free as long as the 

waves are not too steep. 

Apart from changes in wave length due to the bed configuration, chang

es will also occur due to variations of the current velocity, in magnitude 

as well as in direction, with varying co-ordinates. In order to calculate 

this variation, the change in the angle (p between wave crests and current 

direction with a variation in velocity from v. to v» will be computed. 

If 0) is the wave frequency with reference to a fixed co-ordinate sys

tem, the wave frequency with respect to a co-ordinate system moving with 

V in the positive direction of x is: 

(u) - k^ v) (1.2-12) 

where k = 2-II;/L , and L = wave length in the x direction. 
X ' x' X 

The following relationship exists between k and the wave number k.: 
-X 1 
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k = k. sin cp. (1.2-13) 
X 1 ^1 \ -'t 

where cp. = angle between wave crest and x direction. 

In the case of a current in the positive x direction, formula (1.2-6) may 

be written as: 

(cü - k^v^)^ = g k. tgh k^d (1.2-14) 

If u), (p., V. and d are known, k. can be computed. 

When a wave travels from an area with velocity v and an angle tp 

between wave crests and current direction, into an area with velocity 

v„, the following relationship exists at the boundary of the two areas: 

k̂  sin cp̂  = k^ = ^2 ^̂ '̂  ^2 (1.2-15) 

as shown in figure 1.2-1. 

So equation (I.2-I4) can be written as: 

(üj - k^V2) = (o) - k^V2 sin 9^) = (w - -^ ) = g k2 tgh k^d 

(1.2-16) 

In this equation w, k. , cp. , v„ and d are known, whilst k_ and hence L„ can 

be computed. By means of equation (1.2-15) the value of sin 9 can also be 

computed. Now the orbital velocity in this area can be computed by means 

of equation (1.2-1), writing (w - k.v. sin 9.) for w and k. for k. From 

this follows that the additional requirement for reproducing of the cur

rent refraction to scale is: 

n = n . n, 
CÜ V k 

or: 

n = — = r,\/^ (1.2-17) 
V n, d \ ^ I 

k 

By diffraction is understood the phenomenon whereby a wave train is 

interrupted by a barrier, which results in an attenuation of the wave 

height behind this barrier. As a result of this, the wave crests will be 

strongly curved and big variations in wave height along the wave crests 

will occur. Therefore, the energy flux has an appreciable component in 

the direction of the crest line. From the theory (I9) follows that the 

wave height at a given location is determined by the horizontal co-ordi

nates of that location expressed in wave lengths. In order to reproduce 

the correct wave heights at corresponding locations in prototype and 

model, the wave length should, therefore, be reproduced to length scale. 

Hence, in the case of an area with varying depth, and a wave length which 
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'2 »'" f2 

^ X 

direction of wov propagation 

CURRENT REFRACTION 

FIGURE I .2_'1 
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is influenced by the bottom, a model which has to reproduce diffraction 

phenomena should be undistorted. 

If, however, the depth is so large that it has no influence on the 

wave length, the requirement of an undistorted model is not compulsory, 

so that the only requirement will then be that: n = n . 
L 1 

In this case d is so large that tgh kd is: 1 and: 

n^ = n ^ ^ = n V 2 (1.2-18) 

as follows from equations (1.2-5) and (1.2-6). 

If d is so small that tgh kd ts kd, it follows from the same equations 

that: 

n n 

\ = ^ = - 7 2 (1-2-19) 

'̂d ^d 

For values of tgh kd between these two extremes, the scale for the 

wave period should be: 

nj/^ 1/2 

^ = - ^ 2 ^ = -172 (1-2-20) 
n ' 2d ^ 

tgh —— tgh kd 
L 

1.3. Movement of bed material 

In the prototype a certain beach profile will develop under influence 

of the waves approaching the coast. Summarizing very briefly the phenomena 

which determine the beach slope, it can be said that, due to the changing 

wave profile under influence of the decrease in depth, a transport of bed 

material directed towards the coast is generated. For the deeper areas 

this transport may be also ascribed to the mass-transport of the waves, 

which generates a current over the bed in the direction of the wave 

propagation (28). However, as soon as the beach has reached a certain 

steepness, gravity will prevent a further increase in steepness of the 

beach slope. This transport of water to the coast will, under certain 

circumstances, result in a return flow over the bed, directed seawards. 

This current will sometimes form a longshore bar at some distance from 

the coast. In case the waves approach the coast obliquely, a longshore 

current will be generated (9j 10). At certain intervals, this current 

will break out seawards, in the form of so called "rip currents", or the 

water will flow back in the form of a more or less evenly spread under

tow. Also in the case of waves approaching the coast at right angles, 
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rip currents may occur at certain intervals, instead of an evenly spread 

undertow. 

It is generally assumed that steep waves (storm waves) will generate 

one or more longshore bars, with a steep beach at the water level. At this 

level the coast is eroded and this sand is transported to the longshore 

bar. The resulting beach profile is called the storm or winter profile. 

For waves of smaller steepness (swell), the beach is accreting and espec

ially its upper part will attain a more gentle slope. This profile is called 

the summer profile. The above description is, of course, a simplification 

which is only true as long as there are no other phenomena playing a role, 

such as for instance alongshore currents which will influence the con

figuration of the shoreline. It may very well be possible that, due to a 

locally increasing littoral current, a beach will be eroded by waves 

which normally would cause accretion. Another phenomenon may occur during 

varying wave conditions in the rough-weather season. Due to the variation 

in wave height and wave period, not only one, but a series of longshore 

bars develop. This may even lead to a complete absence of a pronounced 

longshore bar during the rough-weather season. 

Most prototype data tend to a critical deep water steepness (H /L ) 

of the waves of about O.03 required for the generation of a bar profile. 

When the waves are steeper than this value one or more longshore bars 

will be generated. According to Kemp (25) an important factor in the 

development of longshore bars will be the ratio of the time lag between 

the break-point and the limit of uprush, and the wave period. 

In models the same phenomena occur. However, due to different rela

tionships between the wave characteristics and bed material normally 

used in models, the model beach slopes are different from those in the 

prototype. If sand is used as bed material, a storm profile is formed 

in the model when H /L iî  O.O3, where the subscript "o" denotes the 
o' o 

values for deep water. When H /L ts 0.02 a summer profile is formed. 
o' o • 

If, however, a material with lower density is used as bed material, for 

instance ground bakelite with a density of 1350 kg/m , a longshore bar 

will not be formed with even a wave steepness of H /L = O.04. These 
^ o' o 

figures are based upon both data from literature (25) and experience 

of the Delft Hydraulics Laboratory. 

Apart from the generation of a profile with or without a longshore 

bar, the slopes of the beach in model and prototype will differ. A summer 

profile without a bar in the prototype will generally have a more gentle 

slope than a corresponding profile in the model. When in a model phenomena 

have to be investigated which occur in this part of the beach, the 
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distortion of the model (being the ratio between the length and the depth 

scales) should be equal to the ratio between the equilibrium slopes in the 

model and that in the prototype. Another point of concern is, that usually 

regular waves are applied in model studies. This may cause incorrect test 

results due to the fact that any irregularity in the beach will be in

creased as a result of the continuous and unchanging influence of the 

waves acting on it. Fortunately, however, these irregularities will normal

ly be reduced on account of the fact that usually different water levels 

will be applied for reproducing the various stages of the tides. This 

will cause that the wave length will vary as result of the variations in 

depth. This variation of the wave length will reduce the irregularities 

in the beach. 

The movement of material under the influence of a single current has 

been treated by several authors. These studies resulted in quite a number 

of formulae for bed load transport. The most well known formulae are those 

of Meyer-Peter (30), Einstein (13), Kalinske (22) and Frijlink (I4). It 

appears that most formulae may be written as a relationship between two 

dimensionless parameters X and Y. 

The parameter X may be written as: 

X = - p = (1.3-1) 
\/Ag D3 

where S = transport, that is the volume of bed material moved in the direc

tion of the current per unit of time and unit of width, D = mean grain 
A 5s- Q diameter and ZX = = relative apparent density of the material. 

If the shear stress at the surface is zero, the parameter Y may be writ

ten as: 

A D _ ADC^ _ A D £ _ ADQg . . 
^ ~ \idl ' 2 - 2 ~ jiT ^^-^ '^^ 

where d = depth, I = energy slope, |i = ripple coefficient, being an em

pirical coefficient that seems to indicate which part of the total bed 

shear is effective in the transport of material, v = mean velocity, 

C = resistance coefficient, v^ = (T / Q ) ' = vg ^ /c = shear-stress 

velocity, T = bed shear due to uniform flow. For the relationship 

T = Qgdl it is assumed that the shear stress at the surface (for in

stance wind influence) is zero. 

Transportation of material in suspension is discussed by Einstein (13) 

and he comes to a relationship between the transport in suspension and the 

flow characteristics of the following form: 
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(1.5-3) 

where c(y) = c^ (f^J . p ^ < ( ^ ^ ^ (I.3-4) 

where c(y) = concentration at distance y above the bed, c = concentra

tion at reference distance a above the bed, w = falling velocity of the 

material and v(y) = the current velocity at a height y above the bed. 
1 /2 

The falling velocity w for coarse material is proportional with (AD) ' , 

and for very fine material, f or which the drag coefficient follows the law 

of Stokes,proportional to A D . For coarse material the factor determining 

the concentration and thus the transportation of material in suspension 

is, apart from the factor \i, equal to that for bedload viz.:AD/dI. For 

finer material this is not exactly valid, since w is proportional to a 
1 /2 2 

factor which varies from (AD) ' to AD . Also in this case, however, the 

bed shear which is proportional to dl has an important influence on the 

transport of material in suspension. 

In the foregoing, the transportation of material by a single current 

has been discussed. The transportation of material by waves is in prin

ciple governed by the same phenomena . The velocity shows, however, a 

periodical fluctuation which necessitates a different approach for the 

computation of the phenomena occurring in the immediate vicinity of the 

bed. Another difference is the fact that, in most cases, transportation 

of material takes place in a direction which makes an angle with the 

direction of the orbital motion. For these two reasons a different approach 

is necessary for the study on sediment movement by waves. 

This approach can be devided into two groups, viz.: the detailed study 

of the movement by waves in the direction or even against the direction of 

wave propagation and the more practically orientated studies about the 

transport of material by waves along a coast. The detailed studies start 

from the motion in the boundary layer between the normal orbital motion 

and the bottom. Very important information about the boundary layer is 

given by Huon Li (17). Huon Li has performed measurements in the boundary 

layer above an oscillating plate under a fluid which is at rest. This 

procedure has been chosen for reasons of experimental technics. Starting 

from the basic theory for laminar boundary layer as discussed for instance 

by Lamb (27), Huon Li has measured the transition from laminar to turbulent 

flow in the boundary layer. Kalkanis (23) has been able even to determine 
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the velocity profile in the boundary layer both for laminar and turbulent 

circumstances. His work will be discussed in somewhat more detail in para

graph 1 of Chapter III. 

For the movement of bottom material under the influence of waves, the 

various investigators correlate characteristics for the boundary layer and 

the grain diameter and density of the material to the measured quantities 

of transported material. Of the rather numerous publications only those 

which are of direct importance to this problem will be discussed' in more 

detail in Chapter II. 

The more practically orientated studies which discuss the total lit

toral sand drift, generated by waves hitting the coast obliquely, start 

from the assumption that the transport is some function of the wave energy 

supplied to the coast. Practically all available prototype data are in

corporated in the formula as published in "Shore Protection Planning and 

Design" (34) (page 175)» of the U.S. Army Coastal Engineering Research 

Center. 

The form of this formula is: 

S = A E^ , (1.3-5) 

where S = littoral drift with the dimension [L T~J and E = alongshore 

component of the energy flux towards the coast per unit of coast length 

with the dimension [MLT J . From this follows that A has the dimension 

r 2 2 -11 
[L T M J . The energy flux towards the coast is computed with the assump

tion that energy transport takes place according to the principles which 

are valid for wave refraction. The place where the alongshore component 

is computed is chosen at the breaker region. In this case: 

n 

^a " ̂ o if ^"-^ fb °°^ "fb ' (1-3-6) 

where E = energy flux of the waves in deep water, 9 = angle of the 

breaker crests with the coast line and n and n = distances between the 
o 

wave orthogonals in deep water and in the breaker region. 

The energy flux of the waves in deep water may be written as: 

^ 0 = 1 6 ^ 8 ^ 0 ^ 0 ^1-5-7) 

where c = celerity of wave propagation in deep water. 

From this follows for the littoral drift: 

2 ? n 
S = 1.4 10" H^ c — sin 9^ cos 9 (1-3-8) 

where S is the transport per unit of time parallel to the coast. The 
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coefficient I.4 10 is dimensionless and has been deduced from the data 

published in "Shore Protection Planning and Design" (34). 

For reproducing these phenomena in models, scale laws should be 

derived with as main requirement the invariability of the scale for the 

material transport over the entire area of the model concerned. For cur

rent only, this criterion is extensively discussed by Bijker, Stapel and 

de Vries (6, 7). Îi "the next chapter the procedures available for models 

with waves, and particularly with a combination of waves and current, 

will be discussed. 
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CHAPTER II 

ANALYSIS 

II.1. Relationships between scales for main current and wave height 

Prom paragraph I.3> i't may be concluded that the transportation of 

material is governed, among other factors directly or indirectly by the 

water velocity near the bed. In order to achieve a reproduction to scale 

of the sediment transport generated by a combination of waves and current, 

it will be possible to start from the following three different assump

tions, which will be discussed more extensively later on in this paragraph. 

a. The transportation of material is governed by the resultant velocity 

near the bed. Hence, the orbital velocity above the bed should be com

pared with the value of the main current velocity , near the bed, for 
1 /2 

instance the so called shear-stress velocity v^ = vg ' /c. The same 

approach could be used in this case for the velocity at any distance 

from the bed. This approach is, therefore, also rather well suited 

for transport of material in suspension. 

b. The influence of the waves is demonstrated by the mass-transport, which 

is the resultant water movement due to the wave motion integrated over 

the period of the wave. The direction of this mass-transport will, as 

shown by Longuett-Higgins (28), vary with the distance above the bottom. 

Although this mass-transport velocity is generally rather small, the 

greatest value occurs usually just above the bottom and is directed in 

the direction of wave propagation. This velocity should, therefore, be 

compared with the main current velocity immediate above the bottom. 

Hence this approach is exclusively valid for bed load movement. 

c. The transport of material is regarded as a function of the energy 

transported by the current and by the waves. For this reason the energy 

flux of the waves should be compared with that of the current. This 

approach seems very well suited for the total transport of material, 

moving as bed load and as suspended load. 

The relationship between the scale for the wave heights and the scale 

for the velocity of the main current will be derived for the above men

tioned three assumptions with the following limitations. 

The first limitation (i) is the requirement for reproduction of bottom 
112 

refraction, viz.: n = n,'̂  , equation (1.2-8). 
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The second limitation (ii) is the requirement for reproduction of the wave 

height on depth scale with respect to breaking phenomena, viz.: n̂ , = n,, 
H u 

equation (l.2-10). 
The third limitation (iii) is the requirement for right reproduction of 

112 1 /2 
current refraction, viz.: n = n,' , equation (1,2-17), when also n =n,' , 
equation (1.2-8). 

Assumption a 

According to par. 1.2: 

n^ = n^ . n^ (ll.l-l) 

n 
and since n = n = — : 

u v̂  n^ 

With limitation (i) this gives: 

n„ = — n y ^ (II.1-3) 
H n d \ jj 

The second limitation (ii) gives: 

n = ny^. n^ (II.1-4) 
V d C \ -r/ 

From this follows that the third limitation (iii) can only be met if 

n^ = 1. 

Assumption b 

According to Longuett-Higgins (28), the mass-transport velocity, immediate 

above the bottom, can be written as: 

U = A ^ ^ 2 (II.1-5) 
4 7t (sinh kd) 

The requirement of a constant scale for U all over the model, is again 

an equal value of kd for model and prototype at corresponding locations, 
112 

so that n, = n.̂  • This includes already limitation (i) viz.: n^ = nj 
d L ^ ^ T d 

according to par. 1.2. 

In that case: 

•'H • \ • "d 

Since n,̂  = n = — 
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1/2 

^C^ 

With the second limitation (ii) concerning the reproduction of the wave 

height this gives: 

n = n^ny^ (II.1-8) 
V C d ^ 

Also in this case the third limitation (iii) for the reproduction of 

current refraction can only be met when n = 1. 
u 

Assumption c 

The energy flux per unit of width of the waves can be written as: 

1 u2 L 
\ = T6 eg H T 

1 + 2 kd 
sinh 2 kd (II.1-9) 

(see Lamb, art. 237 (27).) 

The energy transport per unit of width by a current can be written as: 

E^ = / I Q v(y)5 dy , (11,1-10) 

/o 

where v(y) is the velocity at a distance y above the bed. 

In order to achieve that the scale for the energy transport is in

variable with the location in the model, n, = n , so limitation (i) 
Q L 

must be met. From this follows for equal scales for transport of energy 

by waves and current: 

n^ = n\/^. n^/^ (II.I-II) 
H d V ^ ' 

With the limitation (ii) for reproduction of the wave height: 

n = nj (II.1-12) 

V d ^ ^ 

In this case also the third limitation (iii) about correct reproduction 

of the current refraction is met. 

In order to obtain sufficient bed load movement in the model, especial

ly in areas with little wave motion, it may be necessary to exaggerate the 

current velocity in the model. This is the so called "ideal velocity scale" 
-1 

(6, 7). When the velocities are exaggerated by a factor •=- as compared with 

the velocities reproduced on Froude scale and with ^ < 1, the three scales 

for the wave height then become, according to the three aforecited assump

tions: 
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> ""v 1/2 
^ H = ^ ii; ^ d 

1/2 
^ n - ^'/2 % 3/4 

n - ?5/2 3/2 ^1/4 c. n̂ j - 1; n^ n^ 

These results show a great discrepancy between the three different 

assumptions. Since the mass-transport velocity is normally very low com

pared to the orbital velocity and the m.ain current velocity, sediment 

movements as result from this velocity will be small compared with 

sediment movements resulting from the orbital velocity and the main 

current velocity. It is,therefore, most likely that assumption b may 

be omitted. 

From this follows that the exaggeration factor of the wave height 

should be equal to that for the velocity or to the 3/2 power of that 

value; this with the assumption that the wave length is reproduced to 

depth scale. 

Another approach, which is more or less equal to the above mentioned, 

is followed by Selim Yalin (33) and based upon dimensional analysis. Yalin 

starts from characteristic quantities of the fluid outside the boundary 

layer. By this method his results are not influenced by the state of the 

bo\indary layer. In the choice of the parameters on which he applies the 

dimensional analysis Yalin overlooks, however, the bed conditions, viz. 

the bed resistance. Furthermore Yalin introduces the physical condition 

that the distances travelled by the fluid in a certain interval of time 

should be reproduced to length scale. 

The most serious objection which one could have against both approach

es mentioned above is, that they do not take into consideration the rela

tionship between bed load movement and flow characteristics. This leads 

to discrepancies in the results or to impractical values, as obtained in 

some cases by Yalin where he comes to very great distortions. 

Another procedure would be to start from phenomena which are expected 

to occur in the boundary layer. 

Valembois (37) starts from the critical velocity for bed load movement 

under wave motion as derived by Goddet (15). Goddet derives this critical 

velocity by studying the movement of the grains in the laminar boundary 

(II.1-13) 

(II.1-14) 

(II.1-15) 
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layer between the frictionless orbital motion and the bed. His results 

show a clear difference for laminar and for turbulent regimes of the move

ment of the grains in this boundary layer. With a general expression for 

the resistance coefficient of a grain in the transition regime, one ex

pression for the critical velocity as function of grain diameter and 

thickness of the laminar boundary layer can be obtained. This expression 

is of the form: 

u^^ = f (A, D, T) (II.1-16) 

where u = critical velocity at which movement of material starts, A = 
or "̂  ' 

relative apparent density of bed material and T = wave period. 

Using this expression, a scale relationship for the orbital velocity 

can be obtained. Valembois has written the relationship (II.I-I6) as a 

relationship between critical bed shear, relative density and diameter of 

the bed material and the Reynolds number of the grains. In this way he ob

tained scale relationships which may be extrapolated somewhat further. 

Valembois makes clear, however, that these relationships hold good only 

in case conditions in the bo'undary layer, both in model and prototype, 

are laminar. The fact that the relationships are derived for the critical 

velocity at which the movement of the bed material starts does not mean a 

great limitation, according to Valembois. The relationship between this 

critical velocity and bed characteristics can be written in the same form 

as the normal bed load formulae so that extrapolation seems to be allowed. 

Goddet and Jaffry (16) discuss the transportation of material by a 

combination of waves and current. For the scale relationships for material 

transport they also start from Goddet for the beginning of motion. For the 

established motion they use the general empirical formula which is written 

in this case as: 

S = A H^T f(9) (II.1-17) 

For the relationships for sediment transport by current they use, both for 

the beginning of motion and established transport, the transport formulae 

of Meyer-Peter (27) and Eguiazaroff (11 ). For different grain diameters 

compared with the boundary layer thickness, for distorted and undistorted 

models, and for exaggerated and non exaggerated wave heights, they give 

scale relationships based on the above mentioned assumptions. For the 

combination of waves and current they only compare the various scale 

relationships and state whether there is a possibility for agreement or 

not. Thus they just compare the scale relationships derived for only cur

rent and only wave motion. No attempt is made to derive a scale relation

ship for the combined influence of waves and current. 
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II.2. Procedure in use at the Delft Hydraulics Laboratory 

In paragraph 1.2 the general scale laws for wave motion have been 

derived, whereas in paragraph 1.3 the general principles for material 

movements are mentioned. In paragraph II.1 the relationships between the 

scales to which waves and current have to be reproduced in coastal models 

have been discussed. For the ultimate choice of the scales the following 

considerations are of importance. 

As stated already in paragraph 1.3? the distortion of the model is 

determined by the ratio between equilibrium beach slopes in model and 

prototype. This requirement is particularly of importance when phenomena 

close to the beach line have to be investigated. For phenomena further 

offshore, where the sea bed is more close to horizontal, this criterion 

is of less importance since in that region it is better possible to pres

cribe a certain slope for the sea bed in the model. 

Under the assumption that bottom refraction has to be reproduced to 

scale, the wave period is normally reproduced on the square root of the 

depth scale. When also stream refraction plays an important role, the 

velocity scale should be equal to the scale for the wave celerity. This 

is, when the first requirement is met, equal to the square root of the 

depth scale. 

Studies on the sediment transport by waves, hitting a coast obliquely, 

have demonstrated that the material is in principle moved by a current 

which is generated by the waves (2, 9) 10, 26). Of course this transport 

is activated by the waves by stirring up the bottom material. In the model 

it will be necessary to reproduce this current seperately, since this cur

rent is not only a function of the beach slope and wave characteristics, 

but also of the length over which the littoral current may develop, so of 

the distance between the successive rip currents (2). Normally this length 

will not be reproduced to scale in the model, since this current is the 

result of beach form and roughness on one hand and the wave form on the 

other hand. Since all these phenomena cannot be reproduced truly to scale, 

the distances between two successive rip currents will not be reproduced 

to scale and for this reason the relationship between these currents in 

model and prototype will be arbitrary. Moreover, the scale for these cur

rents has to be determined with the single aim of correct reproduction of 

the material transport. This aspect will even be more important in the 

case of a tidal or sea current, running along the coast. When in the 

prototype this current would be able to transport also material in a 

region with little wave motion, for instance behind a cliff, the scale 
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law for this current will be determined by the scale laws for a mere cur

rent (6, 7). This will also be the case when a river outflow or tidal in

let is studied. In the latter case, moreover, strongly curved streamlines 

may be expected. Since the curvature of the flow lines is influenced by 

the bottom roughness, corrections to the reproduction of this bottom 

roughness may be necessary by adding artificial roughness in the model 

(6, 7) 31). Although the effect of artificial roughness on the material 

transport has been studied (I8), not very much is as yet known about this 

phenomenon. Up to the present moment, the only way is to compare the 

development of the bottom in those regions in the model with that in the 

prototype and to determine the scales by trial and error. 

As a result of the above mentioned considerations, and those listed 

in chapter I, the following procedure is used in the Delft Hydraulics 

Laboratory up to the present. 

a. The distortion of the model, hence the relationship between length and 

depth scale, is determined from the ratio between the equilibrium slope 

of the beach in the prototype and in the model. 

b. The actual values of the scales are determined with respect to the 

required accuracy. It goes without saying that a model of a narrow 

entrance to a fishing harbour with a required depth of 5 ni needs a 

smaller scale (scale defined as prototype value over model value) 

than a model of an oil harbour with a required depth of I6 m. 

_c. The wave period is reproduced on the square root of the depth scale 

in order to achieve correct reproduction of refraction pattern. 

d,. The wave height is reproduced to depth scale or is made as much higher 

as would be possible without reproducing the breaking at an entirely 

wrong location. 

e. The current velocity is reproduced a little bit stronger than would be 

in accordance with the square root of the depth scale in order to be 

as close to the ideal velocity scale as possible. Since this exaggera

tion may cause discrepancies in the reproduction of the stream refrac

tion, it is kept as small as possible. 

f. When in front of the harbour entrance strongly curved streamlines 

occur, artificial roughness is sometimes applied in order to meet 

the requirement of n,/n, = n (see paragraph V.I and V.3). 

Apart from the considerations given above, also the choice of the 

waves and currents to be reproduced in the model is very important as 

stated already in paragraph 1.1. In principle, the dominant circumstances 
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should be reproduced; that is a wave and a current which would have the 

same effect on the shore and the beach development, when applied during 

the whole year, as the actually occurring circumstances, which are con

tinuously varying in magnitude, It is rather difficult to determine the 

characteristic wave height, and even more difficult to determine the 

combined influence of waves and currents, which has the same effect, when 

applied continuously, as the actual varying phenomena. In cases where 

clearly different conditions occur during calm and during rough seasons, 

it may be necessary to reproduce also two different combinations of cir

cumstances in the model. 

From the points discussed in the foregoing,it will be clear that, 

even if the scales to which the different phenomena have to be reproduced 

were known, it is very difficult, if not impossible, to determine the 

values of wave height and wave period and of the current velocity which 

have to be applied in the model to attain correct reproduction. However, 

the considerations given in this paiagraph and to be discussed below, are 

necessary to avoid the obtaining of entirely wrong conclusions. 

II.3' Outline for future procedure 

In the preceding two paragraphs of this chapter basic considerations 

and some procedures have been discussed which may be of assistance in 

reaching acceptable scale values in a coastal model with movable bed. An 

empirical approach is still very important. This empirical approach may 

cause serious difficulties, namely in the case that no prototype data for 

comparison are available or in the case that the influence of the struc

ture is so great that the existing conditions will change considerably. 

An example of the above is a coast of which no other data are known 

than beach slope, grain-size distribution, wave motion and currents. It 

must be said at once that it is normally very seldom that sufficient data 

are available for determining the dominant wave or waves, and the dominant 

currents. This makes it practically even impossible to determine the lit

toral transport from these data without having available prototype data 

on the sediment transport. Assuming, however, that sufficient data would 

be available to determine the littoral drift, it will always be possible 

to find a combination of waves and currents in the model which produces 

the known littoral drift to a certain scale. One could state at that 

moment that the ratios between corresponding values in prototype and 

model constitute the required scales. There is however no guarantee that 
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a satisfactory good reproduction would also be obtained in case a sub

stantial change would occur in the current and wave conditions. 

The same situation might arise when an existing structure, protruding 

from a coast, would be extended in such a way that the current velocities 

in front of the structure increase. Although in this case there exists 

always a combination of waves and currents that can be reproduced and 

checked in the model, the increase in current velocity, resulting from 

the extension of the structure, with respect to the waves might cause 

serious discrepancies in the reproduction of the sediment transport. 

From the foregoing considerations the conclusion may be drawn that the 

only requirement for a coastal model with a movable bed is that the trans

port scale is invariable all over the model, hence invariable for depth, 

bottom roughness, wave motion and current velocity. In principle this is 

nothing else than the concept of the ideal velocity scale as described by 

Bijker, Stapel and de Vries (6, 7)» 

The principle of the method developed by the author in this study is 

that the transport, resulting in the prototype from the combined action 

of waves and current, is compared with the transport in the model, result

ing from analogous effects. No attention will be paid to detailed phenomena 

in the boundary layer beyond that which is necessary to establish these 

general relationships. As early as 1948 Einstein (12) suggested that the 

approach to the computation of sand transport by waves could be similar 

to that for uniform flow. Since for uniform flow the bed shear is one of 

the determining factors for the bed load and suspended load transport 

(see paragraph 1.3)> firstly the bed shear under the combined influence 

of waves and currents will be studied. Although a general theory had been 

developed, measurements were carried out for angles between wave crests 

and current of 0 and 15 only, since these angles are the most common 

ones in normal cases. The next step has been to relate the transport to 

the bed shear. The measurements, on which the derived relationships are 

based, are again only performed for values of the angle between wave 

crests and current between 0 and 30 . Moreover, all tests were executed 

with a horizontal bed. By means of these relationships it will be possi

ble to determine scales for the various quantities to be reproduced in 

the model based upon the requirement that the value of the transport 

scale should be constant, or almost constant, over the entire model. 

In this method the following limitations are still present. 

First: the theory is developed and checked only for a horizontal bed 

and for relatively low, at any rate non-breaking, waves. The next step 
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should be to study whether and, if so, how this relationship has to be 

adapted for use on strongly sloping beaches and in breaker regions. 

Secondly: the bottom roughness has to be estimated since from this, 

together with the wave and current characteristics, the bed shear has to 

be derived. The determination of the bottom roughness is, especially for 

the prototype, rather difficult but it should be stated emphatically that 

this difficulty is inherent to the problem and cannot be avoided by any 

other procedure. 
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CHAPTER III 

INCREASE IN BED SHEAR OF A CURRENT DUE TO WAVE MOTION 

III.1. Introduction 

The problem of the bed shear of a combination of waves and current is 

mentioned by Jonsson and Lundgren in 1961 (21). They suggest a superposi

tion of the uniform current velocity and the orbital velocity immediately 

above the boundary layer. In this respect under boundary layer is under

stood the transition zone between the frictionless orbital motion and the 

bed. Jonsson elaborated this theory for a single wave motion (20). He 

applied a logarithmic velocity distribution in the above defined boundary 

layer between the frictionless orbital motion of the waves and the bed. 

This logarithmic velocity profile holds good under certain circumstances 

for uniform flow. Jonsson arrived in this way at a thickness of this boun

dary layer equal to a few times the bottom roughness. 

The thickness of the boundary layer has been discussed extensively 

for the case of a laminar boundary layer. The value of the thickness at 

which the different investigators arrived varies with the assumption 

about the value of the amplitude of the orbital velocity at which the 
1 /? 

limit of the boundary layer is assumed, from 6 = 6.5 (v/w) ' to 
1 12 

6 = 3.2 (v/w) ' , where v is the kinematic viscosity coefficient. The 

characteristic of the transition of the boundary layer from the laminar 

to the turbulent state is based upon the thickness of the originally 

laminar boundary layer, 6, the amplitude of the velocity immediately 

above this layer, u , and the viscosity, v. Huon Li (l7) indicates that 

for u ö/v > 800 the boundary layer will be turbulent. For the tests 

described in this paragraph, this value will range from 200 to 2000. 

Vincent (38) indicates that, due to bed roughness, r, turbulence will 

occur in the boundary layer when 2 u r/v >60. Since, in the tests 

described hereafter, the bed roughness was appreciable greater than 

the calculated value for the thickness of the laminar boundary layer, 

the requirement for a turbulent boundary layer was certainly met. 

Kalkanis (23) has assumed a form of the equation of the turbulent 

boundary layer almost similar to that of a laminar boundary layer as 

given by Lamb (27), viz.: 

""b " "̂  = ^o^/y) ^^'^ "̂"̂  " ^2(y)^ (III.1-1) 

in which u = velocity in the boundary layer at a distance y above the bed 

u, = orbital velocity at the limit of the boundary layer and u = amplitude 



- 24 -

of the frictionless orbital velocity at this level. From experimental 

results Kalkanis arrives at values of f.(y) and f (y). Using this velo

city distribution. Kamphuis (24) arrived, after an approximative calcula

tion, at a value for the thickness of the turbulent boundary layer which 

is in order of magnitude equal to the bottom roughness. 

Manohar (29) suggested for the turbulent boundary layer a form equal 

to that for the laminar layer in which, however, the kinematic viscosity 

was replaced by the eddy viscosity. In the nomenclature of this study he 

comes to an equation of the form: 

u^ - u = u^e"''^ sin (wt - p'y) (ill.1-2) 

1 /2 
where /3' = (u/2£) ' , £ = eddy viscosity, which has been taken consta.nt 

in this boundary layer and e = base of natural logarithme. 

A similar approach is used by the author. However, for ƒ3'y an arbi

trary function Y of y is chosen, as demonstrated in paragraph 5 of this 

chapter. The author started from the assumption that for the calculation 

of the resultant bed shear the orbital velocity at a certain level could 

be superimposed on the velocity of the main current at this level. For 

this level a distance of er/33 5 in which r is the bed roughness, is 

chosen. Since the boundary layer for the orbital motion, which is assumed 

to be turbulent, will extend above this level, a value of p times the 

orbital velocity at the bottom, as calculated with the first order theory, 

will be introduced (see figure III.3-1). The resultant bed shear, in the 

direction of the main current, has been measured and from these measure

ments and the values of wave height, wave period and current velocity, 

the value of p has been computed. The measurements are described in para

graph 2 of this chapter and the computation of the resultant bed shear is 

executed in paragraph 3- From the results of the tests, as presented in 

paragraph 4» it becomes clear that p has a constant value. This is dis

cussed in paragraph 4. Finally, the physical meaning of the fact that p 

is constant is discussed in paragraph 5-

Since for average beach conditions, the angle between current and 

wave crests is smaller than 20 , tests have been carried out by the 

author for angles of 0 and I5 respectively. The first results of this 

study are published in the seminars of the lAHE Congress at Leningrad in 

1965 (3)» at the Conference on Coastal Engineering at Tokyo in 1966 (4) 

and in a revised and corrected form as a publication of the Delft 

Hydraulics Laboratory (5). 

\ 
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III.2. Description and accuracy of the measurements 

The tests were performed in a basin which was 27 m long and I7 m wide 

(figure III.2-1). On one of the longer sides a wave generator was instal

led, and on the opposite side a bank with a slope of 1:7 was constructed 

in order to avoid reflection and to dissipate the energy of the waves. In 

figure III.2-2 the wave height distribution over a cross section at right 

angles to the talus is given for some tests. Although the wave height is 

certainly not constant the variation seems acceptable. The wave heights 

were measured by means of a resista.nce wave height meter. A maximum flow 

of 0.7 m /sec could be adjusted with a degree of accuracy of y/o by an 

automatically governed inlet sluice. This discharge was distributed by 

means of an overflow weir and a grid over that part of the model which 

had a constant depth. In figure III.2-3 the velocity distribution over a 

cross section is given for three different tests. In figure III.2-4 the 

velocity profile in a number of points of this cross section for one test 

is given. 

As the flow was practically uniform, the energy gradient could be 

determined by measuring the slope of the water surface. This was done by 

measuring the differences in waterlevel at two points at a mutual distance 

of 10 m along the centre line of the model. The waterlevels were recorded 

by means of floats, placed in drums next to the model. The drums were con

nected by means of a pipe to measuring points at the bed of the model. 

Special precautions were taken in order to ensure that the waterlevel was 

recorded without any velocity effect. By means of potentiometers, attached 

to the floats, the difference in waterlevel at the two points was recorded 

with an accuracy of O.O5 mm. Because it is not feasible to measure the bed 

shear directly, an indirect method had to be chosen. Determination of the 

bed shear by means of the velocity profile in the vicinity of the bed is 

not feasible in this case as the combined velocity profile is of a rather 

complicated nature . The bed shear was, therefore, determined by means of 

the energy gradient. This was possible because the shear stress at the 

surface of the water was zero. The tests were executed with a bed consist

ing of small rock stones with a mean diameter of 3 to 4 cm, and with a 

sand bottom covered with ripples of some em's height (see figures IV.1-2 

through 9). 

The accuracy of the determination of the shear from the slope of the 

waterlevel is limited, due to the fact that this slops is computed from 

a very small difference of two piezometric heights which can be measured 
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only with limited accuracy. In order to see what results may be obtained, 

the roughness values will be analysed. Variations in the roughness of the 

sand bed may be contributed, not only to inaccuracy of the measuring 

method, but also to changes in the ripple height and form. Therefore, only 

the roughness-values r for the bed covered with stones will be considered 

in this respect. The different values for r, as calculated from the tests, 
-2 -2 

range from 2 to 6.7 10 m. The mean value is 3.7 10 m, whereas the 

standard deviation is 1.8 10 m, which is about 50'/ of the actual value. 

From the inaccuracy of the single records of the piezometric heights, 

it can be judged whether this inaccuracy is acceptable. The inaccuracy of 

a single reading of the piezometric height is O.O5 10 m. Therefore the 

inaccuracy in the difference from which the slope is calculated it 
112 

2 ' .0.05 mm = 0.07 mm. The difference in waterlevel between the two 

measuring points is in the order of magnitude of I.4 mm. Consequently the 

inaccuracy of this difference is about 5'/. From this follo-rfs for the in

accuracy of C, about 6'/, when the inaccuracy of the velocity is estimated 

at y/o. For the calculation of the bed roughness by means of the resistance 

coefficient C, the logarithmic formula: 

C = 18 log 12 (-) (III.2-1 ) 

has been used (36). The value of C, as well as of the coefficient 16 are 
1 /? 

expressed in m ' /s. For the estimation of the inaccuracy of r the Man.ning-

Strickler formula can also be used. This formula may be written as: 

C = A (f)^/^ (III.2-2) 

where C and A are expressed in m ' /s, 

Strickler (35) has originally determined the value of A as 21.1 but after 
changing the value of the bed roughness r from D„„ to D„„, that is from 

50 y\j 
the grain diameter of the bed material which is exceeded in size by 

respectively by 10'/ in weight, the value of A has become 25. From this 

formula follows that the inaccuracy of r will be 6 times that of C, that 

is about 40/» This is of the same order of magnitude as the standard 

deviation which is found from the tests, so that there are at any rate 

no hidden sources of errors in the tests. 

It is regrettable that the accuracy of the test results is so low. 

Compilation of the test results, however, revealed a clear tendency 

which has been accepted as a base for the scale laws. 
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III.3. Computation of the resultant bed shear 

According to Prandtl, the intensity of the bed shear in a turbulent 

current may be written as: 

. ^ Q l ' ( ^ ) ' (III.3-1) 
°y bottom 

where 1 = mixing length, v(y) = velocity at height y above the bed, 

Q = density, x = bed shear and y = distance from the bed. 

According to the theory of Prandtl for a rough bed, 1 is determined by 

the roughness of this bed and the distance to the bed so that: 

1 = ny, for small values of y (ill.3-2) 

in which K is a universal constant with the value 0.4> the constant of 

von Karman. 

For a normal fully turbulent current the differential quotient of the 

velocity distribution (the velocity gradient) outside the laminar sub

layer to the bottom can be written as: 

av(y) v̂  

^ ~ = -y ("^"5-3) 

1 /2 
where v̂  = (̂ )̂ /2 = (gdl)^/^ = ^ , (ill.3-4) 

where v̂  = shear-stress velocity, d = waterdepth, I = slope of energy 

gradient, v = mean velocity, C = resistance coefficient of Chezy and 

g = acceleration due to gravity. 

Integration of equation (ill.3-3) gives the vertical distribution of the 

velocity (32), viz.: 

v(y) = ̂  m ;^ (III.3-5) 
*^ -̂ o 

where y = distance above the bed where the velocity according to this 

distribution is equal to zero. According to experiments y = r/33 5 in 

which r is a value for the bed roughness. 

For the computation of the bed shear (9v(y)/9y), ,, must be known. •̂  \ w // J ̂ bottom 
According to figure III.3-1 it will be assumed that (32) 

9v(y) V 

^ 9y ''bottom y' Hy' (III.3-6) 

So that in this case: 

\ . = ^ (III.5-7) 
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DETAIL 

uniform flow 

COMPARISON BETWEEN LOGARITHMIC VELOCITY DISTRIBUTION 
OF UNIFORM FLOW AND ORBITAL VELOCITY DISTRIBUTION OF WAVES 

FIGURE 3ir.3_1 
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1 

After substituting this value in equation (ill.3-5) for the vertical dis

tribution of the velocity one finds: 

r = If (III.3-8) 

The meaning of a layer with a thickness of y' is mainly hypothetical, 

although sometimes it is regarded as a viscous sublayer . 

The calculation of the bed shear of the combination of waves and 

current starts from the principle of superposition of orbital motion and 

uniform current in the boundary layer. According to this principle and 

the procedure described above, the vertical gradient of the resultant 

vector should be determined. Due to the different form of the velocity 

profile for wave motion and uniform current (see figure III.3-1) the end 

point of the resultant vector will at any arbitrarily chosen moment 

describe a space curve. Hence, also the direction of the shear stress 

will vary with the height above the bed. It is assumed in this respect 

that 9v/9y at any height will determine the shear stress at that height. 

The same procedure for calculation of the bed shear as applied for uni

form flow and described above is also applied for the combination of 

waves and current. Hence, in this case the gradient of the combined 

vector at a distance er/33 from the bed will be determined. Therefore 

the value of this vector at this distance of the bed will be used and 

a value p u, for the orbital velocity at this height will be introduced 

as illustrated in figure III.3-1. In this expression p is a coefficient 

which has to be determined by experiments. Abou Seida (1) assumes under 

the turbulent boundary layer a viscous sublayer. This layer could be 

compared to the layer with a thickness er/33. In paragraph III.5 the 

physical meaning of this value p will be discussed. 

The frictionless orbital velocity at the bottom u, is a function of 

the time according to the equation: 

u, = u sin ujt (ill.3-9) 
bo \ ^ y, 

with: u = T5—^\ , , (ill.3-10) 
o 2 smh kd \ > / 

In the case where the orbital velocity makes an angle of cp with the 

normal to the main current, the resultant velocity, V ,, at a distance 
y' 

er/33 from the bed can be written as: 

^y. = V ""y- + P^^b ^ ^ ""y' P ""b ^^'^ "P (III.3-11) 

(see figure III.3-2) 
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f>"h = t>"o *•'" ^ * 

COMBINATION OF ORBITAL VELOCITY AND MAIN CURRENT 

FIGURE n r . 3 _ 2 
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The angle Jf between the resultant instantaneous bed shear and the main 

current is in this case defined by: 

cos H 
V , + pu, s m 
y' b 

^ ' \/v , + p u:r + 2 V , pu, sin V yi ^ -b y' ^ b 

(III.3-12; 

Bed shear in the direction of the current 

The component of the resultant bed shear in the direction of the main 

current is in this case, using equations (ill.3-1) and (ill,3-6), given 

hy: 

v ^ + Pî b sin 
(t) 

xyv^, + p2u2 + 2 V , 
V yl ^ \^ y' 

, 1 ^ - ^ 

2 2 2 ^ 
V . + p u, + 2 V , pu, sin 

, pu, s m 
y' b 

(III.3-13) 

With 1 = Y.j^ this can be written as: 

T'(t) = Q v^ (1 + ^ 

So that: 

u^ , / „ u „ u 
O - . . \ \ / -, ^2 0 . 2 , _ ^ o 

— s m wt s m 9;. V 1 + 5 ~ö s m wt + 2 ^ — sin wt sin 

(III.3-14; 

Hi u V̂  2 ^o 
(1 + ^ — sin wt . sin cp) .V 1 + C ~^ sin wt + 2 ^ — sin wt sin 

1/2 
(III.3-15; 

in which 5 = p *< C/g 

The mean value can be obtained by means of integration over the wave 

period. 

(1 + C — sin wt sin 9) 

-
\ / 2 ̂ o 2 ^ 
.V 1 + C —5-sinwt + 2 5 — s i n w t . s m 9 

(ill.3-16) 

This integral is of the elliptic type and has been computed numerically. 

The results of this computation are given in figure III.3-3 for different 

values of 9. With the technique of the least squares the results of this 

calculation for the different values of 9 can be given in the form: 

n c 

dt 

= a + b (̂  -^) (III.3-17) 

Although, for small values of ^ u /v, the value of T'/T should tend tc 

"1", the closest approximation of the exact curve (lll.3-l6)> by the 
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approximated curve (ill.3-17) will, for values of ^ u /vJ> 1, not neces

sarily lead to a value "a" which is equal to "1". 

With a computer program the differences between the values of 5 u /v 

according to equation (ill.3-16) and according to equation (ill.3-17) 

were minimized. The following results were obtained. 

Table 1. 

0.78 + 0.42 (C 

0.77 + 0.43 (C 

0.77 + 0.44 U 

0.75 + 0.46 (5 

0.73 + 0.50 {Z 

0.71 + 0.54 u 

0.69 + 0.58 (5 

0.56 + 0.75 (̂  

0.48 + 0.92 {Z 

0.41 + 1.06 (C 

0.38 + 1.11 (C 

u 1 
- ) 

V ^ 

u 1 
- ) 
V ^ 

u 1 
°) 

V ^ 

u 1 

°) 
V ^ 
u 1 

°) 
V ^ 
u 1 

°) 
V ^ 

u 1 

°) 
V ^ 

u 1 

°) 
V ' 

u 1 

°) 
V ^ 

u 1 

°) 
V ^ 

u 1 

.13 

.13 

.13 

.12 

.12 

.11 

.10 

.08 

.06 

.05 

.04 

= 5̂  

= 10 

9 = 15 

20 

9 = 25 

9 = 30^ 

9 = 45 

= 60^ 

9 = 75 

9 = 90' 

In figure III.3-4» 5 and 6 the actually calculated and the approximated 

values are given for 9 = 0 , I5 and 45 . Normally the angle between wav 

crests and current along the coast will not exceed 20°, The relationship 

between T'/T and ^ u /v can be written for values of 0 < 9 < 20°, with 

good approximation as: 

u 1.13 
^ = 0.75 + 0.45 U -f) 
c 

(ill.3-18) 

In figure III.3-7 this line is given together with the actual results of 

9 = 0°, 10° and 20°. 
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In order to be able to predict the value of T'/T for greater varia

tions of 9, the results will also be represented in the form of: 

u 1.5 
(^ - 1) = N (̂  f ) 
c 

(III.3-19) 

where N is a function of 9. 

The values of N are determined by tracing straight lines with a slope of 

1.5 on doable logarithmic paper as close as possible to the "exact" curves 

representing the computed results. The slope of 1.5 has been chosen because 

straight lines with this slope come closest to the "exact" curves. The 

value of 1.5 is, therefore, purely empirical. This is shown in figures 

III.3-8 and 9 for 9 = 0 and 15 . By this procedure the values of N for 

all values of 9 are determined. 

The value of K can be written as: 

N = 0.36 - 0.14 cos 2 (p 

and is shown on figure III.3-10. 

(ill.3-20) 

Bed shear at right angles to the current 

As is demonstrated by figure 111,3-2, a resultant bed shear component 

will occur at right angles to the direction of the current when the wave 

crests make an angle with the current direction, hence for values of cp/o. 

When the component of wave propagation parallel to the current direction 

is opposing the current, the additional shear component T" will be against 

the direction of wave propagation. When the component of wave propagation 

parallel to the current direction is pointed in the same direction as the 

current, the extra shear component will point in the direction of wave 

propagation. 

The component of the bed shear at right angles to the main current 

can be written as: 

•(t) 
2 . 

sin ojt cos . / 
o u „ u 
^2 0 . 2 , „ ^ o . , . 

+ C —p s m u)t + 2 ^ — s m ojt s m 
V 

(III.3-21) 

so that the mean value over the wave period may be written as: 

5 — sin u)t cos 
v 1 + C 

2 • 2 ̂  „ u s m wt 
2 0 

2 ̂  — sin wt sin 
V 

dt 

(III.3-22) 
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This elliptical integral has been computed also numerically, and the 

results are given in figure III.3-11. The results have been given also 

in the form: 

u c 
— = a 4- b [E, — J 
T ^^ V ' 

(III.3-23) 

with the technique of the least squares. Although, for small values of 

I, u /v, the value of i"/T should tend to "0", the closest approximation 

of the exact curve (ill.3-22), by the approximated curve (ill.3-23) will, 

for values of E, u /v > 1 , not necessarily lead to a value of "a" which is 

equal to "0". 

Again the differences between the values of E, u /v according to equation 

(ill.3-22) and according to equation (ill.2-23) were minimized. The results 

are given in table 2. 

Table 

T " 

T " 

1 c 

T " 

"̂ c 

1Ü 
1 c 

T " 

T 

c 
T " 

•^c 

T " 

"c 

T" 

^c 

T 
C 

T " 

^c ' 

T " 

2 

- 0.01 

- 0 .03 

- 0 .05 

- 0 .07 

- 0 .09 

- 0 . 1 1 

- 0 .13 

- 0 .15 

- 0 .12 

- 0.06 

- 0.004 

+ 

+ 

+ 

4-

4-

+ 

4-

+ 

4-

+ 

4-

0.01 

0 .06 

0.12 

0 .17 

0 .22 

0 .26 

0 .30 

0.36 

0 .32 

0 ,18 

0.013 

U 

{I 

U 

(^ 

(C 

(C 

U 

(5 

u 

u 

u 

— ) 
V ' 

V ^ 

V ^ 

^ 0 . 

V ^ 

— ) 
V ^ 

—) 
V ' 

^ 0 . 

V -̂  

— ) 
V 

V ' 

u 
0 \ 

V 

V ^ 

0.99 

0.99 

0.98 

0.98 

0.98 

0.98 

0.98 

0.97 

0.96 

0.95 

0.95 

9 = 10" 

9 = 15 

9 = 20° 

9 = 25° 

9 = 30° 

9 = 45 

9 = 60° 

9 = 75 

9 = 89° 

In figure III.3-12 the actual values of the integral and the minimized 
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COMPUTED VALUES OF I Ü » f ( ^ ^ ) 

FIGURE HL. 3 - 1 1 
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COMPUTED 
APPROXIMATED 

COMPUTED AND APPROXIMATED VALUES OF 

i " = f ( ^ ^ ) FOR ^ = 1 5 ° 

FIGURE I i r , 3 - 1 2 
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values are given for 9 = 15» For values of 0 <C 9 <C 15 > "the results can 

be written as: 

u 0.98 
^ 9 (- 0.3 + 0.7 (5 -f) ) (III.3-24) 
T 

with 9 in radians. 

Also in this case one formula which gives all results for varying 

values of 9 has been derived. This formula will be of the form: 

„ u 1,25 
7- = M (5 ̂ ) (III.3-25) 
c 

where M is a function of 9. 

M is determined in the same way as N. Also in this case the coefficient 

1.25 is purely empirical. The straight lines do not follow the curves 

as well as for the curves of T'/T . An example xs given in figure 

III.3-13. 

The value of M can be written as 

M = 0.205 sin 2 9 (ill.3-26) 

and is shown in figure III.3-14» 

The total bed shear 

The mean value of the ratio between the total bed shear and the bed 

shear due to current only can be written according to the same deriva

tion as: 

T 

r 

Equation (ill.3-16) which gives T'/T as f(9,C u /v) gives for 9 = 90 , 

in which case T' coincides with T , a different value from equation 

(ill.3-27). The reason is that for T the integration is executed for the 

absolute value of 1 , where for the calculation of T' the direction of T 
r 

is taken into consideration. This is elucidated in figure III.3-15 where 

the Tzariation of T' and T is indicated during the wave period. From this 

it is evident that this discrepancy occurs only whenpu ^v ,. The formulae which give T'/T as f(C u /v) are obtained for values of ^ u /v ranging 

from 0.6 to 10. From the line T'/T = f(5 u /v) for 9 = 90° on figure 

III.3-3> it is evident that for values of ^ u /v <[ 1 the function is 
1 2 ° 

(T'/T ) - 1 = T- (̂  u /v) which is the same as for the resultant bed 
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VALUES OF Xp AND x ' AS f ( t ) FOR <f = 90* 

FIGURE HL . 3 -15 
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shear T . 
r 

No attempt is made to derive two separate formulae for the regions 

E u /v "> 1 and E u /v «̂  1 because for the derivation of the scale laws 
o' "̂  o' ^ 

the exact values of the coefficients a, b and c are not very important, 

and in most cases, studied here, the value of ^ u /v will just be around 

111.4- Elaboration of the measurements 

The measurements were executed for 9 = 0 and 9 = 1 5 • In the case 

where 9 = 0 , viz. direction of current and wave propagation normal to 

each other, firstly tests were carried out with waves of 1.57 s period. 

Two different bed conditions were used, namely a bed covered with stones 

with a mean diameter of 3 to 4 cm and a sand bed covered by ripples of 

some em's height. Afterwards some tests were conducted with 9 = 0 and 

a wave period of 0.68 sec. In this case the bed consisted of a sand layer 

covered by ripples. The tests with 9 = 1 5 were performed with two wave 

periods, viz. 0.68 a.nd 2 sec. In this case the sand bed was covered also 

by ripples. 
Q 

For the computation of the bed shear with 9 = 1 5 , the influence of 

the stream refraction has to be taken into account. Due to this stream 

refraction, the angle 9 was increased to about 16 and the orbital velo

city at the bottom was increased by about 10 to 25%. All data have been 

corrected for this effect. The results of the measurements and these 

corrections are given in tables 3 through 7- With the results of these 
1/2 me asurements the value of p in C = V^^/ë has been determined. For 

the calculation of p the formula T'/T =a-t-b (5u/v),as derived in 

paragraph III.3»was used. The values of a, b and c were chosen for the 

relevant values of 9, as given in table 1. As these values change only 

slowly with varying 9, no corrections on a, b and c due to stream refrac-

tion are necessary. The values of T'/T and KG u /vg ' = p ^ u /v 

which result from the measurements are given in the tables 3 through 7» 

With the technique of the least squares p has been determined with 

minimization over the least accurate value, T'/T . The results are given 

in table 8. 

Finally all results as given in tables 3 through 7 ^.re plotted in 

figure III.4-1• Equation (111.3-1?) is written for this purpose as: 

U-^) (III.4-1) 



54 

TABLE 

S e r i e s 

T e s t 

121 

121g 

122 

122g 

1 2 4 " 

I 2 4 ' ' g 

1 2 4 

124g 

126 

126g 

101 

l O l g 

101 * 

1 0 1 * g 

102 

102g 

103 

I 0 3 g 

1 0 4 

104g 

1 0 5 

I 0 5 g 

106 

106g 

114 

I l 4 ê 

115 

i i 5 g 

116 

1 l 6 g 

1 
I 

d 

m 

0 . 2 0 

0 . 2 0 

0 . 2 1 

0 . 2 1 

0 . 3 5 

0 . 3 5 

0 . 3 3 

0 . 3 3 

0 . 1 9 

0 . 1 9 

0 . 1 9 

0 . 1 9 

0 . 2 0 

0 . 2 0 

0 . 2 1 

0 . 2 1 

0 . 3 2 

0 . 3 2 

0 . 3 2 

0 . 3 2 

0 . 3 6 

0 . 3 6 

0 . 3 6 

0 . 3 6 

0 . 3 1 

0 . 3 1 

0 . 3 5 

0 . 3 5 

0 . 3 5 

0 . 3 5 

B o t t o m 

V 

m / s 

0 . 1 0 

0 . 1 0 

0 . 1 9 

0 . 1 9 

0 . 2 1 

0 . 2 1 

0 . 3 0 

0 , 3 0 

0 . 2 1 

0 . 2 1 

0 . 2 2 

0 . 2 2 

0 . 2 1 

0 . 2 1 

0 . 2 4 

0 . 2 4 

0 . 2 1 

0 . 2 1 

0 . 2 5 

0 . 2 5 

0 . 2 4 

0 . 2 4 

0 . 2 7 

0 . 2 7 

0 . 2 5 

0 . 2 5 

0 . 1 4 

0 . 1 4 

0 . 2 7 

0 . 2 7 

w i t h s 

H 

m 

0 . 0 3 6 

0 . 0 3 6 

0 . 0 6 8 

0 . 0 6 6 

0 . 0 2 2 

0 . 0 2 6 

0 . 0 2 6 

0 . 0 2 8 

0 . 0 3 4 

0 . 0 3 8 

0 . 0 4 7 

0 . 0 4 4 

0 . 0 6 0 

0 . 0 6 6 

0 , 0 6 6 

t o n e s 

u 
0 

m / s 

0 . 1 1 

0 . 1 1 

0 . 1 5 

0 . 1 5 

0 . 0 7 

0 . 0 8 

0 . 0 8 

0 . 0 9 

0 . 0 8 

0 . 0 9 

0 . 1 0 

0 . 0 9 

0 . 1 4 

0 , 1 4 

0 . 1 4 

9 = 

I 

1 0 - 4 

0 . 3 9 

0 . 6 4 

1 . 4 5 

1 . 9 0 

1 . 0 0 

1 . 5 8 

2 . 0 4 

2 . 7 3 

2 . 2 4 

2 , 6 6 

2 . 5 6 

2 , 9 6 

2 . 9 1 

3 . 2 4 

2 . 5 7 

3 . 0 2 

0 . 8 9 

1 . 0 6 

1 . 3 4 

1 .56 

0 . 8 4 

1 . 0 6 

1 .17 

1 . 4 0 

1 . 9 5 

2 . 4 1 

0 . 3 6 

0 . 6 4 

1 . 6 0 

2 . 1 8 

0° T 

C 
1 / 2 / 

m ' / s 

36 

34 

36 

36 

32 

31 

28 

53 

39 

38 

44 

42 

32 

39 

36 

= 1 .57 

r 

1 0 " ^ m 

2 . 4 

3 . 3 

4 . 2 

4 . 0 

3 . 8 

4 . 4 

6 . 7 

3 . 7 

2 . 8 

2 . 8 

1 .6 

2 . 0 

6 . 2 

2 . 9 

4 . 2 

s 

T ' / T 
' c 

1 . 6 2 

1 .31 

1 .57 

1 . 3 4 

1 . 1 8 

1 .15 

1 . 11 

1 . 1 7 

1 . 1 9 

1 . 1 6 

1 . 2 9 

1 . 1 9 

1 . 2 4 

1 . 7 8 

1 .36 

O K ^0 
Vg V 

5 . 2 

2 . 5 

3 . 2 

2 , 3 

1 . 4 4 

1 .56 

1 , 4 0 

1 .46 

1 . 9 0 

1 . 7 2 

2 . 3 

1 . 6 4 

2 . 3 

5 . 2 

2 . 4 
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Series II 

312" 

312''g 

314 

314g 

315 

3i5g 

316 

3l6g 

316" 

3l6**g 

317 

3l7g 

3I8 

318g 

319 

31 9g 

320 

320g 

322 

322g 

300 

300g 

302* 

302''g 

302 

302g 

303 

303g 

304 

304g 

306 

306g 

306* 

306''g 

307 

307g 

310 

31 Og 

m 

0.20 

0.20 

0.21 

0.21 

0.21 

0.21 

0.30 

0.30 

0.30 

0.30 

0.30 

0.30 

0.30 

0.30 

0.30 

0.30 

0,38 

0,38 

0,36 

0.38 

0,20 

0,20 

0.20 

0.20 

0.20 

0.20 

0.20 

0,20 

0,30 

0,30 

0.30 

0.30 

0.30 

0.30 

0,30 

0.30 

0.38 

0.38 

Sandbottom 

V H 

m/s m 

0 .13 

0 .13 0 .037 

0 .28 

0 .26 0 .043 

0 .40 

0 .40 0 .043 

0 .12 

0 .12 0 .058 

0 .12 

0 .12 0 .058 

0.21 

0.21 0.056 

0 ,30 

0 .30 0 .055 

0 .40 

0 ,40 0 ,064 

0 .15 

0 .15 0 .073 

0.31 

0.31 0 .075 

0 ,13 

0 ,13 0 .025 

0 .30 

0 ,30 0 ,022 

0,31 

0.31 0 ,023 

0.37 

0.37 0.023 

0 .13 

0 .13 0 .026 

0 .33 

0 .33 0 ,028 

0 .33 

0 .33 0 ,026 

0 ,39 

0 ,39 0 ,034 

0 ,32 

0 ,32 0 .045 

i t h r i p p l e s 

u I 
o _ . 

m/s 10 ^ 

0 ,22 

0 ,12 0 .69 

1 ,26 

0 ,13 2 .17 

4-24 

0 ,13 5-29 

0 ,12 

0 ,14 0 .39 

0 .12 

0 .14 0 .34 

0 .43 

0 .13 0 ,62 

1.03 

0 . 1 3 1.66 

2 .66 

0 .15 3 .65 

0 .12 

0 .15 0.37 

0.91 

0 .15 1,48 

0 ,27 

0 ,08 0 ,43 

1 .50 

0 ,07 1.75 

1.64 

0 .07 2 ,02 

4.27 

0,07 4,58 

0 ,14 

0 .06 0 .20 

0 .79 

0.07 0 .92 

0 .69 

0 .07 1.21 

2 ,33 

0 ,06 2 .70 

0.52 

0 .09 0.87 

9 = 0° T = 

C r 

^''^/B 10"^ m 

62 0 .9 

54 2 .5 

45 7 . 9 

63 0 . 8 

63 0 .8 

59 1.9 

54 3 .6 

50 6 .0 

70 0 .6 

53 5 .2 

56 1.8 

55 2.1 

54 2 . 4 

40 14 .5 

64 1.0 

66 0 .6 

64 1.0 

47 8 .8 

72 0 .5 

1.57 s 

T ' / T CJ< ^ 
v/g V 

3 .14 7 . 0 

1.69 3 .2 

1,25 1.82 

3 .25 9 .2 

2 . 6 3 9 .2 

1,91 4 . 8 

1.61 3 .0 

1.37 2 . 4 

3 ,08 8 ,6 

1.62 3 .3 

1.59 4 . 3 

1,17 1.61 

1.23 1.65 

1 ,07 1 . 02 

1.43 3 .8 

1.16 1.74 

1.36 1.64 

1.16 1.26 

1.67 2 .6 
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TABLE 

S e r i e s 

T e s t 

557 

357g 

358 

358g 

362 

362g 

365»* 

3 6 ^ g 

356 

356g 

355 

355g 

3 6 0 

360g 

359 

359g 

1 
I I I 

d 

m 

0 . 1 2 

0 , 1 2 

0 . 1 4 

0 . 1 4 

0 . 2 0 

0 . 2 0 

0 . 3 0 

0 . 3 0 

0 . 1 2 

0 . 1 2 

0 . 1 2 

0 . 1 2 

0 , 2 0 

0 . 2 0 

0 , 2 0 

0 . 2 0 

S a n d b o t t o m 

V 

m / s 

0 . 2 9 

0 . 2 9 

0 . 3 2 

0 . 3 2 

0 . 3 9 

0 . 3 9 

0 . 3 0 

0 . 3 0 

0 . 2 1 

0 . 2 1 

0 . 1 0 

0 . 1 0 

0 , 2 2 

0 . 2 2 

0 . 1 2 

0 . 1 2 

H 

m 

0 . 0 3 0 

0 . 0 3 4 

0 . 0 4 7 

0 . 0 6 5 

0 . 0 4 0 

0 . 0 3 6 

0 . 0 5 2 

0 . 0 5 4 

w i t h r i p p l e s 

u 
0 

m / s 

0 . 0 9 

0 . 0 9 

0 . 0 7 

0 , 0 4 

0 . 1 2 

0 . 1 1 

0 . 0 8 

0 . 0 6 

I 

1 0 - 4 

6 . 0 4 

6 . 9 9 

9 . 3 5 

9 . 7 6 

6 . 6 4 

7 . 3 8 

1 . 3 7 

1 . 5 2 

0 .986 

1 . 5 4 

0 .168 

0 . 4 3 1 

0 . 5 1 9 

0 . 8 6 5 

0 , 1 2 4 

0 . 3 2 4 

9 = 

C 

1 / 2 / m ' / s 

34 

28 

34 

47 

62 

71 

70 

76 

0° T 

r 

1 0 " ^ m 

1 8 . 6 

43 

3 3 . 8 

9 . 0 

0 . 5 5 

0 . 1 6 

0 . 3 1 

0 . 1 3 

= 0 . 6 8 

T ' / T 
' c 

1 . 16 

1 . 0 4 

1 . 1 2 

1 . 1 0 

1 .56 

2 . 5 6 

1 .67 

2 . 6 3 

C_K 

1.29 

0 .99 

0.76 

0.81 

4 .4 

9.8 

3.1 

6.8 
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TABLE 

S e r i e s 

T e s t 

340* 

340* g 

341* 

341' 'g 

343* 

343* g 

342* 

342* g 

349 

349g 

350 

350g 

351 

35 lg 

343 

343g 

344 

344g 

340 

340g 

341 

341 g 

342 

342g 

342 ' 

342 'g 

6 

IV 

d 

m 

0 ,20 

0 .20 

0 .20 

0 .20 

0 ,27 

0,27 

0 ,20 

0 ,20 

0 . 1 3 

0 ,13 

0 .20 

0 .20 

0 .27 

0 .27 

0 .27 

0 .27 

0,27 

0 ,27 

0 .20 

0 ,20 

0 .20 

0 .20 

0 .20 

0 .20 

0 .20 

0 .20 

Sandbottom w i t h r i 

V 

m/s 

0 .14 

0 .14 

0 .25 

0 .25 

0 ,16 

0 .16 

0 .35 

0 .35 

0 .10 

0 .10 

0.11 

0,11 

0.11 

0.11 

0.16 

0 .16 

0 ,25 

0 .25 

0 .14 

0 .14 

0 ,25 

0 .25 

0 ,33 

0 .33 

0 .33 

0 ,33 

H 

m 

0 .058 

0 ,056 

0 .065 

0,052 

0 ,038 

0.062 

0 .063 

0 .065 

0 .063 

0 .058 

0 .055 

0 .052 

0 ,052 

u 
0 

m/s 

0 .09 

0 ,08 

0 ,06 

0 .08 

0 .10 

0 ,09 

0 .05 

0 .06 

0 .05 

0 .09 

0 .08 

0 .08 

0 , 0 8 

p p l e s 

^0 
c o r r , 

m/s 

0 ,10 

0 ,12 

0 ,06 

0 ,10 

0,11 

0 .10 

0 .06 

0 .06 

0,07 

0 ,10 

0 ,10 

0 .09 

0 ,09 

9 = 

9 
c o r r , 

16° 

1 6 ° 4 7 ' 

16°14 ' 

1 7 ° 3 3 ' 

1 5 ° 3 3 ' 

1 5 ° 4 6 ' 

15°49 ' 

16°14 ' 

1 6 ° 5 3 ' 

16° 

1 6 ° 4 7 ' 

17°22 ' 

1 7 ° 2 2 ' 

15° 

I 

10-4 

0 ,36 

0 ,70 

2 ,04 

2 , 5 6 

0 .26 

0 ,44 

5 .08 

5 .69 

0 .35 

0 .60 

0 .18 

0 .25 

0 .13 

0 .23 

0 .36 

0 .44 

1.03 

1 .28 

0 .54 

0.77 

1.38 

1.82 

2 .66 

3.61 

3 .08 

3 .76 

T = 0 ,68 

C 
1 / 2 / 

m ' / s 

52 

39 

61 

35 

47 

59 

58 

51 

47 

42 

48 

44 

42 

s 

r 

10"5 m 

3 

16 

1.3 

28 

3 .9 

1.3 

2 , 0 

5 .4 

8 .0 

11 .1 

5 . 3 

9.1 

11 .2 

T ' 

1.96 

1.26 

1 .72 

1.12 

1.71 

1.46 

1.72 

1 ,20 

1,25 

1.42 

1.32 

1.26 

1,23 

KG % 

^ ^ c o r r 

4 . 7 

2 ,6 

3 .2 

1.3 

6,6 

7.1 

4 .1 

2.7 

1.66 

3.8 

2.5 

1.74 

1,66 
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TABLE 7 

Series Y Sandbottom with ripples 9 = 15 T = 2 s 

Tes t d v H U Q U Q 9 I C r T j _ _vi2 ^ 
I I c o r r . >r^-4 1 / 2 / . ,^-3 ^ \ /s v m m/s m m/s / c o r r . 10 m ' / s 1 0 m c " ^ c o r r . ' ^ m/s ' 

323 0,28 0,22 0.62 53 3.8 

323g 0.28 0.22 0.068 0.24 0.24 15°33' 1.2? 2.04 7.5 

324 0.29 0.35 1.05 63 1.1 

324g 0.29 0.35 0.087 0.23 0.23 16° 1.79 1.70 5.7 

325 0.20 0,22 1,11 47 5.9 

325g 0.20 0.22 0.080 0.26 0.27 15°45' 2,31 2.08 7.5 

326 0.20 0.30 3.63 35 24.6 

326g 0 .20 0 .30 0 .094 0 .30 0.31 15°45 ' 4 . 55 1.26 4 . 8 

327 0 .30 0 .12 0.22 47 8 .8 

327g 0 .30 0 .12 0.071 0 .18 0 .16 1 5 ° 2 1 ' 0 .76 3 .46 9.4 

329 0 .30 0 .25 0.67 55 3.1 

329g 0 .30 0 .25 0 .064 0 .16 0 .17 1 5 ° 4 5 ' 1-48 2 .19 4 .9 

331 0 .20 0 .10 0 .12 65 0 .6 

531g 0 .20 0 .10 0.047 0 .15 0 .15 15°12 ' 0 .32 2 ,66 13 .0 

333 0 .34 0.11 0,21 41 2 1 . 5 

333g 0 .34 0.11 0.067 0 ,16 0,16 15°10 ' 0 ,72 3 .44 7 .7 

334 0 .34 0 .22 0.56 51 6 .0 

334g 0 .34 0.22 0.071 0.17 0.17 15°26 ' 2 .00 3.58 5.2 

335 0 .34 0 ,34 1.76 44 14 .7 

335g 0 .34 0 .34 0 ,073 0.17 0 .18 1 5 ° 4 9 ' 2 .53 1.44 3 .0 

332 0 .21 0.37 4 .78 37 2 1 . 9 

332g 0.21 0.37 0.055 0.18 0.18 16°21' 5.22 1.09 2.4 

334» 0.34 0.22 0.49 54 4.1 

334''g 0.34 0,22 0.067 0,16 0.16 15°28' 1.06 2.21 5,2 
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Table 6 

Series 

I. Stones 

9 = 0°. T = 1.57 s 

II. Sand with ripples 

9 = OO. T = 1.57 s 

III. Sand with ripples 

9 = 0°. T = 0.68 s 

IV. Sand with ripples 

9 = 15°. T = 0.68 s 

V. Sand with ripples 

9 = 15°, T = 2.0 s 

All data 

number of 
d a t a 

15 

19 

8 

13 

12 

67 

P 

0 .45 

0 ,52 

0 .43 

0.36 ' 

0.42. 

0 .45 

mean 
value 

0.49 

mean 

value 

0.40 

Equation (ill.4-1) may also be written as: 

log (- K G ^o K C ^O 
-—) = c log (p \,y2 -^) = c log p -I- c log \,yg — 

& ' ' & ' 

(III.4-2) 

In figure III-4-1 the dotted lines represent equation (ill.3-17) with the 

values a, b and c for 9 = 0 and I5 as given in table 1 and the corres

ponding values of p as given in table 8. The full line represents equation 

(III.3-18): 
, u 1.13 

^ = 0.75 + 0.45 (S ^ ) 
c 

with the mean value of p = 0.45-

Since a considerable scatter exists in the points of the graph in 

figure III.4-1»an attempt has been made to study whether it would be 

allowed to reproduce all data by means of a formula of the form of equa

tion (III.3-I9). As the equation (ill.3-19) is not linear it is not 

possible to use the normal procedure for the determination of the 

regression and the standard deviation of p. Therefore, equation (ill.3-19) 

will now be written as: 

T 

.3/2 
KG u 

13/2 

1/2 
g ' V 

(III.4-3; 
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with the assumption that both: 

^ - 1 
T 
C and 

KG U 1 3/2 

1/2 
g ' V 

are stochastic variables with a normal distribution. 
1 12 

The values of T'/T and K C u /vg ^ , as given in tables 3 through 7 are 
c o 

used, and for W the values as determined from equation (ill.3-20) and the 

actual va].ues oi' 9 are introduced. The regression of: 

N on 
K G U 1 3/2 

1/2 

which gives p^ and the regression of 

K C U 

1/2 

3/2 T 

on 

which gives p„ will be calculated. Since (T'/T - 1 )/N has probably a 

lesser accuracy than ( K C u /vg ' ) the value of p will be the most 

likely one. Moreover the correlation coefficient for linear regression 
3/2 and the standard deviation of (p ) ' , s'/ ..5/2 has been calculated. For 

the correlation coefficient the value of (p./pp) ' has been introduced. 

The results are summarized in table 9-

Table 9 

Tests 

I Stones 

9 = 0°. T = 1.57 s 

II Sand with ripples 

9 = 0°. T = 1.57 s 

III Sand with ripples 

9 = 0°. T = 0.66 s 

IV Sand with ripples 

9 = 15°. T = 0.66 s 

V Sand with ripples 

9 = 15°. T = 2.0s 

All data 

3/2 
Number Gorrelation Required ,/„ 
of data coefficient correlation YJ S' ,/„ p. p„ 

for linear for 9% (p^)^ ''^ 
regression confidence 

0.31 0.12 0.46 0.33 0.48 

0.38 0.10 0.53 0.40 0.54 

0.26 0.11 0,43 0,31 0,46 

0.24 0.13 0.38 0.34 0.49 

15 

19 

8 

13 

12 

67 

0 .97 

0 .97 

0 .95 

0 .84 

0 .85 

0 .90 

0 .53 

0.47 

0.72 

0.57 

0 .59 

0 .25 

0.26 0.15 0.40 0.36 0.50 

0.3 0.04 0,45 0,37 0,51 
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From these results it is evident that there is a marked linear regres

sion for all series. It is also evident that no significant difference 
3/2 

appears between the regression coefficients (p ) ' for tests with waves 

normal to the current and with waves which make an angle of 9 = 15 with 

the current. The asymmetry of the waves apparently does not have suffi

cient influence on the increase of the bed shear of the current due to 

the waves, that it could be determined by these measurements. It has, 

therefore, been decided not to try a second order theory for the descrip

tion of the wave motion. 

111,5. Discussion of factor p 

From the tests of Kalkanis (23) follows a velocity distribution of the 

motion, immediately above the bed, of the following form: 

Y _-] 55 — i — 

u, - u = u 0.5 e ^"^^ sin(u)t - 0,5 {(hv)^'^) (ill.5-1) 

1 /2 
where fh = (a)/2v) ' and o< = the amplitude of the orbital excursion at 

the bottom. D is the grain diameter and in this way a measure for the 

bottom roughness, Abou-Seida (I) concludes from this equation (ill,5-1) 

that the velocity at the outside of the viscous sublayer, which is 

assumed by him to be present under the turbulent boundary layer, must be 

0,5 u.n̂. This value could be compared with the value of p u, which is 

assumed by the author to exist at the hypothetical distance er/33 from 

the bed. Prom the experiments follows a constant value of "p" irrespec

tive of the bottom roughness, the wave height and the wave period. Since 

this result is not so very obvious, this point will be discussed in this 

paragraph in somewhat greater detail. 

According to Lamb (27) (art. 328), the motion near the bed can be 

described by: 

IT = X + ̂ |i , (III.5-2) 
3t Q 9y 

where T = shear stress at a distance y from the bottom as acting from the 

upper layer on the lower layer, u = velocity at a distance y from the bed. 

Furthermore: 

X = f cos wt = u) u cos wt = -—— (ill.5-3) 
o 9t \ ^ ^/ 

where u, = u sin wt (ill.5-4) 
bo \ ^ -r/ 
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So that equation (ill.5-2) can be written in the form: 

^(u, - u) = - 1 p- (III.5-5) 
5t^ b ' Q 9y \ y ^/ 

In order to make it possible to solve this equation, an additional rela

tionship between T and u should be known. The following relationship is 

valid for the entire viscous case: 

X = Qv 1^ (III.5-6) 

Equation (ill,5-3) can in this case be written in the form; 

^ ( u ^ _ u) = - V ̂  (III.5-7) 

Prom this follows for the velocity distribution near the bed: 

u^ - u = u e" '̂'̂  sin (wt - ̂ y) (ill,5-8) 

where |x = (w/2v)''/^. (Lamb art, 347) (27) 

The order of magnitude of w for the tests was 6 s and the order of magni-

tude of V was 10 m / s . Therefore ft, is in order of magnitude 2,10 m , For 

(3y = 3» u will be almost (95?̂ ) equal to u, and from this it follows that 

the thickness of the viscous sublayer will be of the order of magnitude 

of millimeters.For almost all tests this is much smaller than the bed 

roughness. It is, therefore, reasonable to assume a turbulent boundary 

layer between thei bed to the frictionless orbital velocity. 

In analogy with the fully developed turbulent boundary layer, the 

normal formula will be applied for the bed shear, viz.: 

. = .1^ It llfl (ni.5-9) 

where for the lower part of the fluid 1 = K y. 

In analogy with the viscous case the following velocity distribution in 

the boundary layer between the frictionless orbital motion and the bed 

will be assumed: 

u^ - u = u^ e"^ sin (wt - Y) = u^ e-^ sin (V - |) (ill.5-10) 

where: wt - Y -f | = ̂  (ill. 5-11) 

Prom this follows: 

du -Y ÖY „1/2 . ,,, ,^^^ ^ ,„v 
•r— = u e ^— 2 ' s m V (111.5-12) 
9y o ay T \ J I 
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— and consequently, T must have the sign of sin y which is indicated by 

sign (̂J) which is positive for 0 < '-f <̂  TI and negative for % <^^J <^ 2K. 

The expression of the shear stress is now: 

2 2 /9ux^ . / ,x 
-t = Q K y (—) sign (vjJ) 

Hence, equation (ill.5-5) may now be written as 

2 
9 / \ 1-2 9 -r-r (U- - U) = - K -— 
9t ^ b ^ 9y 

y2 ( g ) ,3ign (̂ )̂| 
>9ŷ  

This proves to be; 

^ (u^ - U ) = - 2 K 2 ^.^^ ^^^ 
2 2 

/9UN 2 9U 9 U 

(III.5-13) 

(III.5-14) 

(III.5-15) 

It will now be possible to determine the unknown function Y of y from 

equation (ill.5-15). 

The following expressions can be written: 

-rr- (u, - u) = w u e cos (wt - Y ) = w u e cos ( ^ - T) = 9 t b ' o ^ ' o ^ 1 4 / 

-Y ,1/2 
w u e (1/2) ' (sinf -1- cosvj^) (III. 5-1 6) 

9u -Y 9Y „ 1/2 . ,,, 
•7— = u e T— 2 ' smu/ 
9y o 9y ' 

-Y g^u 

ay 
2 - ̂ o ^ 

•ÖYN^ ^ ,__ .,, g^Y „1/2 (^^^ 9V2 - ip 2 sinM^.^2'/^ sin̂ f. - {^) 2 
9y 

(III.5-17) 

'9ŷ  cos V 
(III.5-18) 

9u 9 u „ 2 -2Y 
7^ = 2 u e 

9y , 2 o 
"' 9y 

(§)^ sin^ " § • 0 '̂"'̂  - ^f ̂̂  '̂"H' °°̂Ŝ  

Equation (ill.5-15)can now be written as: 

(III.5-19) 

w u e""̂  (1/2)^/^ (sin 4̂  + cos^l) 

o V.2 2 -2Y - 2 K u e sig, o n (H^)[2y|Isin24; - 2y2 (|I)̂  sin^^; 

+ y 
2 aY a^Y . 2 

3y sir 
2 /aYx3 

9y' 
n 2y - y (•̂ ) sinV|> coslf 

ow2 2 -2Y 
- 2 K u e s 

o 

^ " ây 

^ i °°̂  ̂ ^ - y' ̂ ¥/ 
2 f d J s ^ „„. 2 9Y g^Y 2 9Y a^Y 

+ y (ĝ ;) cos 2 f -f y — 3y • ay2 " "̂  9y ay2 
2 /9YN3 . 

„^2 2 9Y -2Y 
2 K u y -— e si 

o '' 9y ign (4>) [ 

cos 2l|̂  - y'^ (|̂ ) sin 2 If' 

P - P cos 2 ij/ - G sin 2 J . (ill. 5-20) 



- 65 -

in which: 

F = § - y ( § ) ^ + y ^ and (III.5-21) 

G = y ( | | ) ^ (III.5-22) 

When the right hand side of ( i l l . 5-20) is developed in a Fourier series 

and only the terms with sintj^ and cos ip are taken into account: 

w u e"^ (l/2)^/^(sinvp + cosvl/) = - 2 K ^ u^ y | ^ e'^^ ( ^ + | ^ ) siniy - | ^ cosU/ o \ / / \ T T ^ O "' 9y L̂  71 3Tt ~ 3TI ' 

( I I I . 5 - 2 3 ) 

Taking t h e c o e f f i c i e n t s of t h e s i n e and c o s i n e t e rms a t b o t h s i d e s e q u a l 

t h e f o l l o w i n g e q u a t i o n s a r e o b t a i n e d : 

0 1̂ 2 2 9Y -2Y 16 ^ -Y / , / „ x l / 2 ,.,__ ^ _,s 
- 2 K u ^ y — e — F = w u ^ e ( 1 / 2 ) / ( i l l . 5 - 2 4 ) 

+ 2 K 2 u - y 1^ e - 2 ^ I - G = w u 0 - ^ ( 1 / 2 ) ^ 2 ( i l l . 5 - 2 5 ) 
o '' 9y 3Tt o \ / / \ ^ J, 

From this follows that: 

- 2 f = 1 

^ f - ^ ^ ( i ) ' - - $ ) - H § ) ' = 0 (III.5-26) 

so that: l!l.. 1 (|I)' ̂ 1 | I = 0 (III. 5-27) 

The solution of this equation is: 

Y = -• 2 In In (-) ^• B (ill. 5-28) 
«7 

From equation (i::i.5-28) follows: 

|I= 2 (l n | ) ' \ y-' (III.5-29) 

When this value is introduced in equation (ill.5-25) the following rela

tionship between A and B is obtained: 

1/2 2 128 2 / K u 
m ^ = ^ "- e"^ (111,5-30) 

y 3ii w y \ ^ J I 

With the expression of Y in y and the constants A and B as given by 

equation (ill.5-28), the equation (ill.5-10) of the velocity in the 
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boundary layer now becomes: 

-B 
u = u sin wt (in^) 

y 
Ln (wt 2 In In -

y 
(III.5-31) 

When the relationship between A and B according to equation (ill.5-30) is 

introduced in equation (ill.5-31 )> the following expression for the velo

city distribution is obtained: 

•3B/2^ 2 
128 2 

sin wt 

1/2 2 
-2 

3ii; w y 3in(wt -1- 2 In 
128.2 

1/2 2 
' K u_ 

3K w y 

(III.5-32) 

If, in accordance with the procedure for a uniform flow, as applied in 

this study, the velocity will be assumed zero at a distance r/33 from the 

bed (see figure III.3-1)j the following expression for B is obtained: 

(III.5-33) 

3B) 

2 
3 

I n 5? 
r 

126 
1 

2 ' 

3K 

lo 

w 

K 
0 

u 
0 

With this expression for B equation (ill.5-32) now becomes: 

sin wt - (TT-) 
^33y^ 

sin (wt -v In (^-) ) (III.5-34) 

This expression represents a hyperbolic velocity distribution in the 

boundary layer which approaches the frictionless orbital motion in a 

asymtotical way. If the upper limit of the boundary layer is assumed 

at the height where u = 0.95 u i the thickness of the boundary layer 

becomes: 

33 (0.05 
172 = 0.14 r (III.5-35) 

This value is in reasonable accordance with visual observations in the 

wave canals of the Delft Hydraulics Laboratory. 

The following expression is found from equation (ill.5-34) for the verti

cal velocity gradient: 

'7 1^ = 23/2 ^^^ -3 ̂  ^.^ (̂^ ^^ ( r ̂ 2 
9y 3̂3-̂  o 3̂3y 4 

(III.5-36) 

When, according to the procedure described in paragraph 111,3 5 the bed 

shear is computed from the velocity gradient at a distance er/33 above 

the bed, the following expression for this bed shear is obtained: 

Ql 
3 

2^/^ (^) (^) sin (wt - m e + f ^33 ^er' ^ 4' (111,5-37^ 

The procedure for computing the bed shear according to equations (ill,3-1) 
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and (111,3-6) gives: 

2 2 . 2 ^ 
„ p u sin wt 

T = Ql'^ ^ - (111,5-38) 
(er/33) 

By comparing the moduli of the expressions for the bed shear according 

to equations (ill,5-37) and (ill.5-38) the following value of p is obtained: 

2 2 
p = 23/2 ^^^ _ ^g^ ^ 23/2 ^-2 ^ Q_^^ (111,5-39) 

This expression demonstrates that p is indeed independent of bed and wave 

conditions. The theoretically computed value is, moreover, rather close 

to the value of 0.45 as obtained from the experiments, 
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CHAPTER IV 

TRANSPORTATION OF BED MATERIAL DUE TO THE GOKBINATION 

OP WAVES AND GURREMT 

IV.1. Description of tests with narrow sand trap 

In the same model as described in the preceding chapter also trans

port of bed material was measured by a sand trap as indicated in figure 

III.2-1. The dimensions of the sand trap where 1.^ m normal to the current 

direction and 0.15 m in the current direction. The small dimension in the 

current direction was chosen in order to decrease that part of the trans

port which enters the sand trap in the direction of the waves,to an 

acceptable degree. However, as a result of the application of this sand 

trap, with short dimension in the direction of the current,not all the 

transport is trapped. The sediment transport measurements will, there

fore, only be used to establish the form of the relationship and not to 

determine the coefficients. By comparing the results for only current 

with those for the combination of waves and current , the coefficients 

for the latter can, moreover, be derived from the well-known coefficients 

for a mere current. Also some tests with a larger sand trap will be des

cribed. Although these test results prove that not all transport is 

caught by the narrow trap used in the above described tests, they also 

prove the necessity of this narrow trap since a considerable amount of 

sand is brought by the waves into the trap sideways (see figures IV.3-1 

and 2), Moreover, these tests showed also a lower transport than that 

calculated by the normal bedload formulae. 

The.bed material consisted of fine sand with a mean diameter of 0.25mm. 

The grain size distribution is given in figure IV.1-1. As may be seen from 

the figures IV.1-2 through 9» different ripple patterns may occur. In 

general, three different patterns can be distinguished viz.: 

(i) ripples normal to the direction of the main current (figures 

IV.1-2 through 4). 

(ii) ripples normal to the direction of wave propagation (figures 

IV.1-5 and 6). 

(iii) ripples forming a cross pattern or alternating normal to the 

directions of main current and to that of wave propagation 

(figures IV.1-7 through 9). 

From the test results may be concluded that for values of u /v less than 

6 the ripple pattern is of type (i). For values of u /v greater than 6 

and less than 20 the pattern is of type (iii), whilst for values greater 
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FIGURE m.i-^ 
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Figure IV.1-2 

T 507 

type i 

r = 3 nun 

Figure IV.1-3 

T 341 

type i 

r = 9 ™ni 

Figure IV,1-4 

T 365 

type i 

r = 29 mm 
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•T^^'sft^ï'.'J^ 

F i g u r e I V . 1 - 5 

T 316 

type i i 

r = 3 umi 

-̂ •:L 

...» ^fe-

F i g u r e I V . 1 - 6 

T 316 

type i i 

r = 3 nun 
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Figure IV.1-7 

T 514 

type iii 

r = 3 nm 

Figure IV.I-f 

T 358 

type iii 

r = 29 nun 

Figure IV.1-9 

T 556 

type iii 

r = 3 nun 
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than 20, type (ii) will occur. In chapter III it is stated that, for the 

determination of the resultant bed shear of a combination of waves and 

current, the velocities of both current and wave motion, at the limit of 

the hypothetical viscous sublayer with thickness y' = er/33> have been 

taken into account. For the main current this velocity has a value of 

V / K and for the orbital motion 0.45 u . It might be assumed that for 

the ripple pattern the ratio of the two velocities at this distance above 

the bottom will be decisive. If it be assumed that the transition from 

pattern (i) to pattern (iii) will start when u ,/v , ^ 1 , this leads to 

a value of u /v ^ 3.5. This is rather well in agreement with the test 

results. 

In order to predict the bottom roughness, it might also be necessary 

to take into account the orientation of the ripples with respect to the 

current direction. This would lead to complications, not only in the case 

of patterns of type (iii), but also for patterns of types (i) and (ii), 

since the velocity vector will change in direction during the wave period. 

The roughness of the bottom will, therefore, be determined from the ripple 

height irrespective of the pattern. This is even more logical since also 

in the case of patterns of types (i) and (ii) the ripple crests are never 

long and regular. 

Although for every test, in which the transportation of bed material 

was measured also the bed shear was determined, this value has not been 

used for the computation. Prom the foregoing chapter, it is evident that 

the scatter in the results of the determination of the bed shear is rather 

great. In order to obtain better results, mean values have been used, 

which were based upon more tests than only those which were carried out 

during the bed load measurements. For the tests, carried out with waves 

approaching the coast at right angles, a value of the bottom roughness 

of 3 nun was chosen for the tests 302 through 36O and of 29 mm for the 

tests 357 through 365. Poi" oblique waves, a roughness value of 9 nun was 

determined. It has been assumed that the test conditions of these three 

groups were so similar, that no further differentiation in bed roughness 

was allowed for. With these values of r the resistance factors G were 

calculated, and with the formula: 

(i = i^)^^^ (LV.1^.1) 

So 
the ripple factor \i. was determined (14). 

2 2 
Prom the mean velocity, the value of v /c = dl = x/gg was determined, 

1 /o 
using these values of C. With the value of 5 u /v = 0.45KG U /g ' V and 
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the theory developed in the preceding chapter, the magnitude of the 

resultant bed shear in the direction of the main current was computed. 

The magnitude of the orbital velocity was corrected for the influence 

of the stream refraction. 

In tables 10 and 11 all data and results of the computation for respec

tively, wave approach at right angles and for oblique wave approach are 

presented. For the calculation of T'/T from the value of 5 ̂ n/'v the 

formula 
u 1-5 

^^ = 1 + (0.36 - 0.14 cos 2 9)(C — ) , (IV.1-2) 
o 

which is a combination of equations(ill.3-19) and (ill,3-20) has been 

used. The difference with the actual values is not so great that an 

important influence has to be expected. 

In order to make it possible to compare the bed load of the mere cur

rent with that of the combination of current and waves, it is most prac

tical to compute, by means of the available data, the coefficients in 

some bed load transportation formula. Since especially in this case the 

low transports are rather important, a formula has been chosen without 

a critical bed shear. The most appropriate formula seems to be the 

formula of Kalinske-Frijlink, (I4) viz.: 

1 /. _0 27 ^ ^ 1 lo -0 27 -^^^ S _ (üdl 1/2 "-27 ,di _ ._ji^ 1/2 0.27 ^^ 
(gAD3)V2 - 5 IAD^ 5 ̂ ADQg^ ^^^-^5) 

or: 

^ T 7 2 = ^ ^ "^^ (IV.1-4) 
D ( , T / Q ) V 2 

The values of a and b can not be determined in the normal way by means of 

the method of the least squares, because the magnitude of the parameter 

S/D(M.T/Q) ' ranges from 1 to 10-. Due to this large range, the influence 

on the results of points with high values is predominant. Although this is 

quite right in principle, it gives in this case erroneous results because 

the low transports are also important. Hence, a weight has to be given to 
1 I2 

the different values of S/DdiT/g) ' , so that the influence of the low 

transports on the magnitude of a and b is about equal to that of the 
1 J 2 

high values. This can be obtained by not using the value S/D([XT/Q) ' , 

but its logarithme. 

Equation (IV.I-4) will be written for this purpose as: 

log S ^ = log b + a ^ ^ log e (lV.1-5) 
D(tiT/e)V2 (̂-̂  



75 

T a b l e 

T e s t 

302 

302g 

302* 

302'*g 

303 

303g 

3 0 6 ' 

306" 

3 0 6 ' g 

306"g 

307 

307g 

310 

31 Og 

314 

3 l4g 

314 ' 

3 1 4 ' g 

3 1 5 ' 

3 1 5 ' g 

315 

3 l 6 g 

3 l 6 ' g 

316"g 

318 

318g 

3 I 8 ' 

3 1 8 ' g 

319 

31 9g 

3 1 9 ' g 

320g 

322 

322g 

322 ' 

10 Wave-

S 

D(ADg)^/^ 

10-4 

3 .3 

8 .7 

4 . 3 

10 .6 

178 

243 

0 .95 

4 . 4 

2 . 2 

12 .9 

62 

51 

8 .8 

1 2 . 9 

4 . 7 

44 

4 . 4 

40 

188 

304 

198 

18 .1 

18 .2 

44 

3 . 5 

76 

2 .6 

56 

123 

250 

255 

25 

9 .3 

143 

16 .1 

-approach 

r 

10"^ m 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

5 

3 • 

3 

3 

3 

3 

3 

3 

3 

3 

5 

3 

3 

3 

3 

3 , 

3 

a t r i g l 

C 

1/2 
m ' , 

52 

52 

52 

52 

52 

52 

54 

54 

54 

54 

54 

54 

57 

57 

53 

53 

53 

53 

53 

53 

53 

54 

54 

54 

54 

54 

54 

54 

54 

54 

54 

57 

57 

57 

57 

h 
'So 
1 / 2 / / / s 

70 

70 

70 

70 

70 

70 

73 

73 

73 

73 

73 

73 

74 

74 

70 

70 

70 

70 

70 

70 

70 

73 

73 

73 

73 

73 

73 

73 

73 

73 

73 

75 

75 

75 

75 

Ji 

0 .64 

0 .64 

0 .64 

0 .64 

0 .64 

0 .64 

0 .64 

0 .64 

0 .64 

0 ,64 

0 . 6 4 

0 .64 

0 .67 

0.67 

0 ,66 

0.66 

0 ,66 

0 .66 

0 ,66 

0 ,66 

0 ,66 

0 .64 

0 ,64 

0 .64 

0 .64 

0 .64 

0 .64 

0 .64 

0 .64 

0 .64 

0 .64 

0 .66 

0 .66 

0 .66 

0 .66 

(^^^)c= ^ , g 

10-5 m 

2 ,27 

2 .27 

2 .13 

2 .13 

3 .24 

3 .24 

2 .39 

2 .39 

2 .39 

2 .39 

3 .34 

3 .34 

2.11 

2.11 

1.84 

1.84 

1.84 

1.84 

3 .76 

3 .76 

3 .76 

0 ,32 

0 ,32 

0 ,32 

1,98 

1.98 

1.98 

1.98 

3.51 

3.51 

3.51 

0 .46 

1.95 

1.95 

1.95 

5 ^ 

0 .70 

0 .69 

0 .59 

0 .63 

0 .63 

0 .64 

0 .92 

1.42 

1.42 

0 .99 

3 .56 

3 .56 

3.56 

1.35 

1.35 

1.18 

1.18 

3 .16 

1.59 

T ' 

T 
C 

1.13 

1.13 

1.10 

1.11 

1.11 

1.11 

1.19 

1.37 

1.37 

1.22 

2 .54 

2 ,47 

2 .47 

1.34 

1.34 

1 .26 

1.28 

2 .19 

1.44 

T j . 

^ C 

1.25 

1.24 

1.17 

1 .20 

1 .20 

1 .20 

1.42 

2 .00 

2 .00 

1.49 

7 . 3 5 

7 .35 

7 .35 

1.91 

1.91 

1.70 

1.70 

6 ,05 

2 .26 



Table 

T e s t 

322 ' g 

356g 

360g 

357g 

358 

358g 

362 

362g 

365* 

365*g 

10 c o n t i n u e d 

S 

D(ADg)^/^ 

10-4 

68 

2 . 3 

1 .2 

133 

342 

613 

926 

2446 

58 

16 

r 

1 0 ' ^ m 

3 

3 

3 

29 

29 

29 

29 

29 

29 

29 

Wavi 

G 

1/2 
m ' 

57 

49 

52 

31 

32 

32 

35 
35 
38 

38 
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Wave-approach a t r i g h t angles 

'So 
1/2/ 
i / s 

75 

66 

70 

66 

67 

67 

70 

70 

73 

73 

H 

0.66 

0 .64 

0 .64 

0 .32 

0 .33 

0 .33 

0 .35 

0 .35 

0 .36 

0 .38 

( n h i ) ^ = n 

10-5 ^ 

1.95 

1 .16 

1.14 

2 .80 

3 .30 

3 .30 

4 . 3 4 

4 .34 

2 .37 

2 .37 

To 

Qg ^ " ; 

1.59 

1.52 

1.06 

0 .53 

0.51 

0 .36 

0 .30 

T ' 

^c 

1.44 

1.41 

1.24 

1.10 

1 .09 

1.05 

1.04 

Ty 

T^C 

2.26 

.2 .15 

1.56 

1.14 

1.13 

1 ,06 

1.04 

I 
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Table 

Test 

340g 

341 

341g 

342 

342' 

342g 

342'g 

344 

344g 

340* g 

341* 

34l'*g 

323g 

324 

324g 

325g 

326 

326g 

327g 

329g 

329 

33lg 

333g 

332 

332g 

334 

334g 

335 

335g 

335g 

334* g 

11 Oblique 

S 

D(ADg)^/^ 

10-4 ic 

2.3 

3.3 
21 

49 

56 

173 

191 

0.2 

11.4 

2.3 

3.2 

21 

340 

7 
1260 

606 

7 
630 

93 
180 

14 

108 

36 

245 

495 
0.6 

75 

15 

217 

147 

75 

wave-

r 

-^m 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

-approach 

C 

1/2/ 
m ' /s 

44 

44 

44 

44 

44 

44 

44 
46 

46 

44 

44 

44 

46 

47 

47 

44 

44 

44 

47 

47 

47 

44 
48 

44 

44 
48 

48 

48 

46 

48 

48 

'So 
1/2/ m ' /s 

70 

70 

70 

70 

70 

70 

70 

72 

72 

70 

70 

70 

72 

73 

73 
70 

70 

70 

73 

73 

73 
70 

74 
70 

70 

74 

74 

74 

74 

74 

74 

(i 

0,50 

0.50 

0.50 

0,50 

0,50 

0,50 

0,50 

0,51 

0,51 

0.50 

0.50 

0.50 

0.51 

0,52 

0.52 

0,50 

0.50 

0,50 

0,52 

0.51 

0,51 

0,50 

0.52 

0,50 

0,50 

0,52 

0.52 

0.52 

0,52 

0,52 

0,52 

((ihl) = li — 
C '^ Qg 

10"5 m 

0,50 

1,6 

1,6 

2.8 

2.8 

2.6 

2.8 

1.5 

1.5 

0.50 

1.6 

1.6 

1.16 

2.9 

2.9 

1.25 

2.3 

2.3 

0.34 

1.4 

1.4 

0.25 

0,27 

3.5 

3.5 
1.05 

1.05 

2,6 

2,6 

2.6 

1.05 

= ^ 

1.78 

1.02 

2.30 

2.30 

0.74 

1.80 

1 .02 

2.94 

1.90 

3.17 

2.74 

4.21 

1.91 

3.96 

4.06 

1.29 

2.21 

1.50 

1 .50 

2.08 

T' 

^C 

1.56 

1.25 

1 .84 

1 .84 

1.15 

1.57 

1.25 

2.19 

1.62 

2.26 

2.06 

3.03 

1.63 

2.86 

2.93 

1.35 

1.78 

1.44 

1.44 

1.71 

^T 

^C 

2.58 

1.52 

3.65 

3.65 

1 .27 

2.62 

1.52 

5.23 

2.80 

6,00 

4.75 

9.90 

2,82 

8.65 

9.25 

9.30 

3.45 

2.12 

2.12 

3.16 
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IV.2. Elaboration of data of tests with the narrow sand trap 

In figure IV.2-1, the test results for only current and in figures 

IV.2-2 and 3, the test results for the combination of waves and current 

are reproduced. In figures IV.2-2 and 3, some points are entirely outside 

the range of the other results. Apparently, the correction of the bed 

shear for wave influence is not sufficient to cover all results. The 

tests which show this discrepancy, viz.: 316, 3l6", 316" and 320 for 

series B and 340, 340', 327, 331 and 333 for series F, have all very 

low values of the bed shear. So low, in fact, that even the corrected 

increased value is not sufficient to cause transport of any importance. 

The physical explanation of the fact, that there is nevertheless an 

appreciable transport, is that the bed material is stirred up by the wave 

motion, and that a very low velocity, or bed shear, is sufficient to move 

the material in the direction of the current. 

This physical phenomenon may be described by a formula in which one 

part is responsible for the concentration of the material stirred up by 

the turbulence and a second part for the transport of this material, 

moving more or less in suspension in a thin layer above the bottom. In 

the formula of Kalinske-Frijlink (14)-

a AD££ 
- — ^ = b e ^^ (lV.2-1) 
D ^ (̂ g) ^ 

1 /? 1 /? 
the value D(HT/Q) ' = Dv(ng) ' /G, can be seen as the factor which governs 

the transport of material, which has been stirred up from the bed, in the 
1 /2 

direction of the current. The parameter s/DdiT/g) ' will therefore be 

called the "transport" parameter and the bed shear in this parameter will 

be the component of this bed shear in the direction of the current. In 

this parameter the transport S is the resultant transport, since the 

actual transport at any moment and height above the bed is directed in 

the direction of the actually occurring current. The value exp. (aAD Qg/jiT) 

may be regarded as the parameter determining the quantity of material 

which is stirred up. This parameter will, therefore, be called the 

"stirring" parameter. The bed shear in this parameter will be the result

ant total bed shear, since this value governs the quantity of material 

which is stirred up from the bed. 

The fact that two different current systems are considered for the 

transportation of the bed material, viz.: (l) the resultant velocity, 

which is held responsible for stirring up the material and (2) the main 

current, which transports the material in the direction of this main 
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current, may call for two different roughness coefficients related respec

tively to each of the above mentioned two different mechanisms. In figures 

17.2-5 and 7 for series D and H respectively, the different ripple forma

tions have been indicated. In series D no significant influence of the 

ripple pattern can be concluded to. In series H, the ripple pattern, with 

ripples normal to the wave direction, seems to give slightly higher trans

ports. This gives some support for the conclusion that the waves cause an 

extra transport in the wave direction, due to asymmetry of the waves. The 

accuracy of the tests does not allow, however, to draw a quantitative con

clusion with regard to this point. 

In order to determine by which curve the data are best be reproduced, 

the values of a and b have been calculated according to the following 

scheme. 

Parameters 9 = 0 9 = 15 

A P p g 

and 

S 

D(^^T„/Q) Tj2 

Series AE 

tab le 12 

f igure IV.2-1 

AD 2£. 
HT ' 

and 

S 

D Ö W Q ? ^ 

Series B 

t ab le 13 

f igure IV.2-2 

Ser ies F 

t ab le 16 

f igure IV.2-3 

AD 2£. 
|.ix^ 

and 

S 
D ( H T - / Q ) V 2 

Ser ies C 

t ab le 14 

f igure IV.2-4 

Ser ies G 

t ab l e 17 

f igure IV.2-6 

A D p g 

t^T^, 

and 

S 

^(V^-^JQ) 
1/2 

Ser ies D 

t ab l e 15 

f igure IV.2-5 

Ser ies H 

tab le 18 

f igure IV.2-7 



For series B and F, the value of the bed shear which has been intro

duced, both in the transport parameter and in the stirring parameter, has 

been the component of the mean resultant bed shear in the direction of 

the current, T'.(paragraph III.3)-

For C and G, in the stirring parameter the total bed shear T has been 

introduced. In the transport parameter the mean resultant bed shear in the 

current direction is again used. This is based on the assumption that the 

shear-stress velocity, that is the bed shear, is responsible for the 

transport in the direction of that shear, just as is done in the normal 

bed load formula of Kalinske-Frijlink. 

For D and H again the total bed shear T has been introduced in the 
r 

stirring parameter, but in the transport parameter the bed shear -r , due 

to the current without wave influence, has been applied. The reason for 

this is that, when material is stirred up, the transport of this material 

will be determined almost entirely by the current immediately above the 
1 /2 1 /? 

bottom, that is the shear-stress velocity v^ = (T / Q ) ' = vg ' /c. 

The data for the computation are represented in tables 12 through 18. 

The calculation of a and b is executed with equation CtV.1-$. In order to 

make it possible to use a standard procedure, it has been assumed that 

both log S/D(|IT/Q) ' and A DQg/|iT are stochastic variables. By means of 

these data, which are, as already has been mentioned, the ordinates of the 

points in the graphs on which the data are plotted, the regression lines 

have been calculated. Moreover, the correlation coefficient was determined. 

Although the accuracy of the transport and the bed shear will not differ 

1 /2 
very much, the quantity S/D(M.T/Q) ' will be less accurate than the quan
tity A DQg/(j,T. The reason for this is that in the transport parameter 
some accumulation of inaccuracies occurs. Although these inaccuracies are 

reduced because the logarithme of the transport parameter is used, the 
1 /? 

values of a and b have been computed with the regression of log S/D(^T/Q)' 

on ADgg/nT. 

For the calculation of series B, the tests 316, 316', 316" and 320 

were rejected and for the calculation of series F, the tests 340, 340 , 

327, 331 and 333 were rejected, for the reasons given at the beginning 

of this paragraph. 

The results of this computation are given in table 19. 



Table 12 
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Test 

Series A 
302 

302* 

303 

306' 

306" 

307 

310 

314 

314' 

315' 

315 

318 

3I8' 

319 

322 

322' 

358 

362 

365" 

Series E 
341 

342 

342' 

344 

341 ** 

324 

326 

329 

532 

334 

335 

18.2 

19.4 

12.8 

17.4 

17.4 

12.4 

19.6 

22.4 

22.4 

11.0 

11 .0 

20.9 

20.9 

11 .6 

21 .2 

21 .2 

12.5 

9.5 

17.4 

26.0 

14.8 

14.8 

27.5 

26.0 

14.2 

18.0 

29.5 

11 .8 

39.4 

15.9 

S 
D(,TyQ)V2 

10-4 

14 

19 

638 

4 

18 

218 

39 
22 

21 

624 

660 

16 

12 

423 

43 
74 

1210 

2850 

241 

17 

188 

206 

1.1 

16 

26 

50 

76 

843 

3.8 

60 

s 
H^M^' 

1 0 - ^ 

Series A 
11 

15 

510 

3 

15 

174 

32 

16 

17 

506 

536 

13 

10 

339 

35 

60 

695 

1685 

149 

Series E 
12 

133 

146 

0.75 

12 

19 

21 

54 

596 

3 

43 
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T a b l e I 3 

S e r i e s B 

Waves 

T e s t 

302 

302** 

303 

3 0 6 ' 

3 0 6 " 

307 

310 

314 

3 1 4 ' 

3 1 5 ' 

316 

3 1 6 ' 

3 1 6 " 

318 

3 I 8 ' 

319 

3 1 9 ' 

320 

322 

3 2 2 ' 

356 

360 

357 

358 

362 

3 6 5 " 

and c u r r e n t 

A D p g . 
H T ' 

1 6 . 1 

1 7 . 2 

11 . 6 

1 5 . 6 

1 5 . 6 

1 1 . 1 

1 6 . 4 

1 6 . 3 

1 6 . 3 

9 . 0 

5 2 . 4 

5 2 . 4 

5 2 . 4 

1 5 . 6 

1 5 . 6 

9 . 2 

9 . 2 

4 1 . 1 

1 4 . 7 

1 4 . 7 

2 4 . 8 

2 9 . 3 

1 3 . 6 

1 1 . 6 

9 . 1 

1 6 . 8 

cp = 0° 

S 

D ( t i T ' / Q ) ^ / 2 

10-4 

35 

44 

829 

9 

51 

170 

52 

178 

162 

901 

131 

132 

319 

301 

222 

756 

772 

160 

548 

261 

12 

6 3 

488 

2090 

7370 

4 7 6 
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Table I4 Waves and current cp = 0 

302 

302 

303 
306' 

306" 

307 

310 

314 

314' 

315' 

316 

316' 

31 6" 

318 

3I8' 

319 

319' 

320 

322 

322' 

356 

360 

357 

558 

362 

365^ 

14.6 

15.6 

10.9 

14.5 

14.5 

10.3 

13.8 

11.2 

11 .2 

7.4 

17.5 

17.5 

17.5 

11.0 

11.0 

6.9 

6.9 

14.9 

9.4 

9.4 

16.3 

23.2 

13.0 

11.1 

9.0 

16.7 

35 

44 

829 

9 

51 

170 

52 

178 

162 

901 

131 

132 

319 

301 

222 

756 

772 

160 

548 

261 

12 

63 

486 

2090 

7370 

476 
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Table 15 Waves and current 

l^^^ 

Series D 
302 

302 "* 

303 

306' 

306" 

307 

310 

314 

314' 

315' 

316 

316' 

316" 

318 

318' 

319 

319' 

320 

322 

322' 

356 

360 

357 
358 

362 

365^^ 

14.6 

15.6 

10.9 

14.5 

14.5 

10.3 

13.8 

11.2 

11.2 

7.4 
17.5 

17.5 

17.5 

11.0 

11.0 

6.9 

6.9 

14.9 

9.4 

9.4 

16,3 

23.2 

13.0 

11.1 

9.0 

16.7 

S s 
D(HT>)'/' D(x^/e)V2 

10-4 10-4 

Series D 
37 

47 

87 u 

9 

54 

179 

57 

208 

189 

1009 

206 

206 

500 

348 

256 

860 

877 

237 

658 

313 

14 

70 

512 

2160 

7550 

484 

30 

37 

696 

7 

43 

143 

46 

169 

153 

820 

164 

164 

400 

274 

205 

689 

701 

192 

535 

254 

11 

56 

289 

1240 

4460 

304 
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Table 16 Waves and cur ren t 9 = 1 5 

10-4 

Ser ies F 
340 

341 

342 

342' 

344 

340" 

341^ 

323 

324 

325 

326 

327 

329 

531 

333 

332 

334 

335 

335' 

334 

53.1 

20.6 

8.0 

8.0 

23.9 

52.6 

20.6 

16.2 

8.8 

14.5 

8.6 

40 .0 

18.1 

57.8 

52.1 

8.7 

22.1 

11 .0 

11.0 

23.0 

17 

96 

489 

540 

56 

17 

95 

1364 

3730 

2305 

I650 

588 

766 

820 

260 

1460 

353 

720 

487 

360 
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Tab le 17 Waves and c u r r e n t ip = 15 

10-4 

S e r i e s G 
340 

341 

342 

342' 

344 

340'' 

341"* 

323 

324 

325 

326 

327 

329 

331 

333 

332 

334 

335 

335' 

334 

32.1 

17.0 

4.0 

4.0 

21.7 

40.0 

17.0 

6.7 

5.1 

5.5 

3.8 

12,2 

10.5 

18.7 

16.5 

1.3 

11.4 

6.8 

7.5 

12.4 

17 

96 

489 

540 

56 

17 

55 

1364 

3730 

2305 

1850 

568 

766 

820 

260 

1460 

353 

720 

487 

360 
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Table 18 

Series H 

Waves 

Test 

340 

341 

342 

342' 

344 

340** 

341** 

323 

324 

325 

326 

327 

329 

331 

333 

332 

334 

335 

335' 

334^ 

and current 

ADQg 

32.1 

17.0 

4.0 

4.0 

21.7 

40.0 

17.0 

6.7 

5.1 

5.5 

3.8 

12.2 

10,5 

18.7 

16.5 

1.3 

11.4 

6.8 

7.5 

12.4 

<p = 15° 

S 
D(,Typ)V2 

10-4 

21 

107 

666 

735 

60 

21 

107 

2030 

4750 

3490 

2680 

1040 

978 

1390 

445 

1700 

471 

865 

586 

471 

s 
D ( T > ) ' / ' 

10-4 

Series H 
14 

72 

471 

520 

43 

15 

74 

1450 

3420 

2465 

1890 

750 

698 

982 

321 

1200 

340 

623 

422 

340 
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Table I9 

AE 

B 

F 

C 

G 

D 

H 

AEB 

AEP 

AEC 

AEG 

AED 

AEH 

AEBF 

AECG 

AEDH 

b 

0 . 3 4 

0 . 6 4 

0 . 4 2 

0 . 3 7 

0 . 2 1 

0 . 3 7 

0 . 2 9 

0 . 5 2 

0 . 5 9 

0 . 3 4 

0 . 2 6 

0 . 3 8 

0 . 3 2 

0 . 6 0 

0 . 2 5 

0 . 2 4 

a 

- 0 . 2 2 

- 0 . 2 3 

- 0 , 1 4 

- 0 . 2 2 

- 0 . 1 4 

- 0 . 2 1 

- 0 . 1 4 

- 0 . 2 3 

- 0 . 2 2 

- 0 . 2 2 

- 0 . 1 8 

- 0 . 2 2 

- 0 . 1 9 

- 0 . 2 2 

- 0 . 1 8 

- 0 . 1 9 

c o r r e l a t i o n 

0 . 7 4 

0 . 6 7 

0 . 6 8 

0 . 5 7 

0 , 8 8 

0 . 5 5 

0 . 8 6 

0 . 7 4 

0 . 7 3 

0 . 7 3 

0 , 8 0 

0 . 7 3 

0 . 7 9 

0 . 7 2 

0 . 7 5 

0 . 7 5 

r e q u i r e d 
c o r r e l a t i o n 

0 . 3 7 

0 . 4 3 

0 . 5 3 

0 . 4 0 

0 . 4 5 

0 . 4 0 

0 . 4 5 

0 . 2 8 

0 . 3 0 

0 . 2 7 

0 . 2 8 

0 . 2 7 

0 . ? 8 

0 . 2 4 

0 . 2 4 

0 . 2 4 

As it is not certain that the parameters log S/D((IT/Q) ' and ADpg/|i 

are indeed stochastic variables, it is not appropriate to use the standard 

procedures in order to determine whether the values of b and a differ 

significantly or not for the different series. It is evident, however, 

that for wave-approach at right angles series C and D and for oblique 

wave-approach series G and H have to be preferred above series B and P 

respectively. The correlation of series C, D, G and H for linear regres

sion is certainly sufficient and in these series all data are reproduced, 

whereas in series B and F the data with very low current velocity had to 

be rejected. For the series with wave-approach at right angles the coeffi

cients b and a are closer to that for current only in the case that x is 

used in the stirring factor. 

From these tests it is not evident, which value for the bed shear has 

to be introduced in the transport parameter: T' or T . From a physical 

point of view, however, it is more likely that 1 should be introduced 

instead of T' in the transport parameter, since the material, stirred up 

by the waves, is just moved with the current velocity. This is also 
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supported by the tests with the wide sand trap which will be discussed in 

the next paragraph. 

There is a marked difference between the lines representing the data 

with oblique wave-approach and those representing wave-approach at right 

angles and only current. This is also very clearly demonstrated by the 

figures IV.2-1, 5 and 7. One of the main reasons will be that, due to the 

orbital motion, material will be moved from both sides in the sand trap, 

in the case that the uniform current is small compared to the orbital 

motion. When corrections would be applied, the line representing the data 

for oblique wave-approach would come closer to those for mere current and 

wave-approach at right angles. However, not sufficient accurate data are 

available to apply these corrections. From the tests with the wide sand 

trap, described in the next paragraph, an equal function will be found, 

however, for oblique wave-approach, and for mere current. 

Since one of the main objectives was to establish whether the results 

for current only and those for current and waves from various directions 

could be represented by one formula, special attention should be paid to 

the correlation coefficients of all data together, viz. AEBF, AECG and 

AEDH. In these three cases, it is certainly permissible to represent all 

data by one formula, but the correlation for AECG and AEDH is slightly 

better than for AEBF. This is even more striking, since for AEBF some 

values had to be rejected, as discussed earlier. These values have been 

taken in account for AECG and AEDH where the value T was used in the 
r 

stirring factor, 

The magnitude of the value a is not too far off from the value of 

0.27, used by Frijlink in his formula (l4)j hut the magnitude of the 

value b is much smaller, viz.: O.24 versus 5» This difference is probably 

caused by the small size of the sand trap in the direction of the current 

as has earlier been mentioned. 

It has earlier in this paragraph been concluded that T , instead of x', 

has to be introduced in the transport parameter. In this case, however, 

it is also better to omit the ripple factor ^i from the transport parameter, 
1 /2 

The transport parameter will then be written as: S/D(T / Q ) ' and is listed 
*4 ti 9i M. 

on tables 12, I5 and 18 as series A , E , D and H . The data are represen

ted in diagram IV.2-6. 

The correlation coefficients for the single groups, A E , D and H 

are 0.75? O.56 and 0.89 respectively, which is equal or even slightly 
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better than for AE, D and H. The correlation factor for all data together 

is 0.75. The factor a for the two rer'ression lines is listed in table 20. 

Only for series H the two values for a remain below O.27. For the 
9«. .K- ¥• }i- ^ -H -Ii 

series A E , D and A E D H , the two regression coefficients are above 

and below O.27. 

Table 20 

A E 

D" 

H^ 
^ * It, 

A E D H 

regress ion of r egress ion of 

log S/D(T: IQ)^''^ on ADQg/nT ADpg/|iT on log S /D(T /q)^''^ 

-0.21 -0.37 

-0.21 -0.66 

-0.14 -0.19 

-0.19 -0 .33 

Since a , as given in table I9, is the lowest of the two regression 

coefficients, the factor b will be determined also for the value 0.27 fô r 

a . With the factor 0.27, "the formula representing all data together 

becomes: 

1/2 
-0.27 ADpg 

S = 0.74 D (T /p) / e •" (IV.2-2) 
c 

1 /p 
The reg ress ion l i n e for a l l data with r eg ress ion of log S /D(T /p ) ' on 

ADpg/p,T^ i s : 

_0,19 AD2£ 
1 /? ^'^ 

S = 0.22 D {IJQ) ' e ( lV.2-3) 

and the r eg ress ion l i ne for a l l data with regress ion of ADgg/ax on 
1/2 ^ 

log S /D(T / P ) / i s : 

-0.33 
,1 /2 r S = 1.95 D ( T ^ P ) ̂  e "̂  ( IV.2-4; 

IV. 3- Tests with the wide sand trap 

In order to study the influence of the size of the sand trap, tests 
2 

have been carried out with a sand trap of 0.93 x 0.93 ni , which was 
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devided in 9 x 9 small squares. The sandttrap was covered by a screen of 

small wooden bars, as may be seen in figure IV.3-3» The aim of this 

screen was twofold: firstly to present roughness which would be almost 

equal to that of the surrounding bottom which was covered by sand ripples, 

and secondly to prevent that waves and current would move sand out of the 

sand trap again. The sand caught in the various small traps was determined 

separately. In this series tests have, moreover, been executed with waves 

moving obliquely with and against the current. The bottom material in this 

test consisted of fine sand with a mean diameter D of 0.22 mm and a D„„ 
m 90 

of 0.28 mm. 
Two representative samples are given in figures IV.3-1 and IV.3-2, 

3 
showing the trapped quantities in cm after a test duration of one hour. 

It is clear, indeed, that in the test with the ccnbination of waves and 

current the quantities caught in the two side rows are higher than normal. 

This is, however, also the case in test Til with only current, although 

to a smaller extent. In this case, it must be due to side effects of the 

sand trap which generate seconda.ry currents. 

From the results of T12, presented in figure IV.3-2, it is clear that 

there is also a net drift of sand in the current direction, since the side 

row at the side from which the waves approach shows a higher catch than 

the other side row. One of the aims of this test series was to establish 

whether this undeniable mass-transport effect of the waves would have a 

marked influence on the transport of the combination of waves and current. 

To this end, 2 test series with oblique waves against the current and with 

the current have been executed. 

For the elaboration of the data, formula(lV.2-1)in the form of formula 

(iV.2-2)has been used and the values of the factor b, which is equal to 

0.74 in f ormula(lV.2-2), have been computed. 

Figures IV.3-3 through 5 give an impression about the bed roughness. 

From comparison with figures IV.1-3 and 4> a roughness between 1 and 3 cm 

may be estimated. From general experience, a roughness of about 3 cm could 

be expected. However, all computations have been carried out with a rough

ness of 1 and of 3 cm. The depth during the tests was 0.30 m. The resis

tance coefficient C and the ripple factor p. have, for the values of 1 and 
1 12 

3 cm for the bed roughness, the values: C = 46 m ' /s, ji = O.42 and 
1 /2 

C = 37 ™ /s, \i = 0.35 respectively. 

The angle cp between wave crests and current direction in still water 

(in which case the current velocity is zero) was 25 . For a wave direction 

with a component in the current direction and with a component against the 
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kr-

Figure rV.3-3 

Test with wide sand trap 

T4. waves and current 

•1 
Figure IV.3-4 

Tests with wide sand trap 

T1. waves and current 

Figure IV.3-5 

Test with wide sand trap 

T2. only current 



Tab le 

Tes t 

2 

3 
11 

11 • 

1 

4 
12 

1 2 ' 

13 

1 3 ' 

22 

1 4 ' 

14" 

14"' 

17 

19 

1 9 ' 

15 

1 5 ' 

16 

1 6 ' 

1 6 " 

16'" 

18 

20 

21 

V 

0.31 

0 .32 

0.31 

0 . 3 0 

0 .33 

0,31 

0 .32 

0 .32 

0 ,32 

0 . 3 0 

0 .36 

0 .25 

0 .26 

0 .29 

0 .34 

0 .37 

0.37 

0 .30 

0.27 

0 .26 

0 .28 

0.31 

0 ,28 

0 .35 

0 .40 

u 
0 

0 

0 

0 

0 

0.06 

0 .09 

0 . 0 8 

0 .07 

0 .15 

0 .15 

0 .14 

0 

0 

0 

0 

0 

0 

0.06 

0 .08 

0 .14 

0 .15 

0 .13 

0 .14 

0 .13 

0 .12 

S mes 
na r row 

t r a p 

10-9 ^2^^ 

54 
37 
45 
58 

106 

30 

168 

86 

176 

1 4 0 

263 

3 
3 
8 

24 

1 8 3 

85 

13 

16 

15 

31 

49 

4 3 

77 

356 

- 102 -

S mes 

wide 

t r a p 
10-9 jjj2y^ 

7 0 

50 

175 

2 1 0 

177 

67 

6 0 0 

3 7 0 

4 5 0 

4O8 

9 5 5 

17 

27 

28 

100 

5 4 0 

215 

41 

49 
127 

93 

135 • 

125 

246 

1050 

c a l 

C = 46 m ^ / ^ / s 

10-9 m^/s 

77 
57 
57 
41 

163 

166 

161 

139 

4 6 3 

3 6 5 

637 

4 
7 

26 

131 

252 

252 

73 

48 

235 

283 

304 

235 

510 

801 

c a l 

C = 37 m ^ / ^ s 

10-9 jjj2y^ 

141 

107 

107 

79 

244 

212 

2 2 4 

203 

4 8 9 

3 6 8 

740 

10 

17 

57 
230 

4 1 9 

4 1 9 

112 

62 

229 

269 

332 

229 

6 0 0 

1017 
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u 
0 
V 

0.18 

0.29 

0.25 

0.22 

0.47 

0.50 

0.39 

0.20 

0.30 

0.50 

0.54 

0.42 

0.50 

0.37 

0.30 

(c = 

b 

^b 

b 

% 

b 

% 

b 

^ 

b 

46 m 

0.4 

0.6 

0.8 

1.4 

= 0. 

= 0. 

0.6 

0.2 

1.0 

0.6 

0.4 

0.4 

0.4 

= 0. 

= 0. 

0.8 

0.4 

0.3 

0.2 

0.1 

0.3 

= 0. 

= 0. 

0.2 

0.3 

0.1 

0.1 

0.2 

0.2 

0.2 

0.4 

= 0. 

= 0. 

narrov» 

/^ 

8 

4 

5 
3 

4 
2 

3 
1 

/s) 

trap 

(c = 

b 

% 

b 

% 

b 

^b 

B 

Öv 

b 

37 m^ 

0.2 

0.4 

0.4 

0.7 

= 0.4 

/^s) 

=0.21 

0.4 

0.1 

0.8 

0.4 

0.4 

0.4 

0.4 

= 0. 

= 0. 

0.3 

0.2 

0.1 

0.1 

0.4 

0.2 

= 0. 

= 0. 

0.1 

0.3 

0.1 

0.1 

0.2 

0.2 

0.1 

0.4 

= 0. 

= 0. 

4 
2 

2 

12 

2 

1 

(C = 

b 

^b 

b 

% 

b 

^b 

b 

^^ 

b 

46 m 

0.9 

0.9 

0.3 

5.1 

= 1. 

= 2. 

1.1 

0.4 

3.7 
2.7 

1.0 

1 .1 

1.5 

= 1 . 

= 1. 

4.2 

3.9 

1 .0 

0.8 

2.1 

0.8 

= 2. 

= 1. 

0.6 

1.0 

0.5 

0.3 

0.4 

0.5 

0.5 

1.3 

= 0. 

= 0. 

A 

8 

2 

3 

2 

1 

5 

6 

3 

wide 

Va) 

trap 

(C = 

b 

% 

b 

'̂b 

b 

% 

b 

ö>, 

b 

37 nV2 

0.5 

0.5 

1.6 

2.6 

= 1.3 

= 1 .01 

0.7 

0.3 

2.7 

1.8 

0.9 

1.1 

1.3 

= 1.1 

= 0.81 

1.7 

1.6 

0.5 

0.4 

1.3 

0.5 

= 1.0 

= 0.6 

0.4 

0.8 

0.6 

0.4 

0.4 

0.5 

0.4 

1.0 

= 0.6 

= 0.23 

/ B ) 
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current direction, the new value of cp has been calculated. For waves, 

going with the current, the vaiue of cp varies between 27 and 28 and for 

waves, going against the current, the value of cp varies between 22 and 

23 . With these angles, also the corrected values of the orbital velocity 

at the bottom have been computed. 

The transports were calculated on a computer by means of the follow

ing formula: 

.0.27 ^ ^ ~ 

S = b. D J g V^ e 2 V (lV.3-1) 

This formula is equal to formula(IV.2-2),where D — g ' stands for 

D(Typ)^/^ and 
C 

ADC^ ^ ^ ^ ADC 
stands for — 2 0 UCi,i.l.\J.iD J.KJJ- o 

Uv"(l + 1 (̂  -£) ) 

All results are represented in table 21. In this table the quantities 

trapped in the whole sand trap,excluding both side rows,are given as 

"S wide trap". For comparing these results with those of the tests 
mes 

with a narrow sand trap, the quantities trapped in the first upstream 

row, and half the quantities of the second row are given in the table 

as "S narrow trap". This trap corresponds with the narrow trap of 
mes -̂  .r jr r 

0.15 m width used in the previous tests. 

Since the roughness of 3 cm is the most likely, the results of the 

computations with this roughness will be discussed in more detail. 

Finally, it will be argued that results obtained with a bed roughness 

of 1 cm will not lead to other conclusions. 

In table 22 all results are summarized. 

The following conclusions from the tests with a roughness of 3 cm 

may be drawn. 

(i) The scatter in the results with the wide trap is very great. The 

reason is most probably that in the lower layers of the flow part 

of the material is moved in suspension (saltation). It is quite to 

be expected that in the quantities of this part, caught in the trap, 

a great variation will occur. This is supported by the fact that the 

values for b, which are computed with the quantities measured in the 

wide trap for waves and current, are smaller than for current only. 

This may be explained by the fact that the turbulence for the 

combination of waves and current is higher than for current only, 
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Table 22 Values of b 

current current current current 
. * < * • * > 

and waves and waves 

^ ^ 0P.° '00° 

(p = 20 (p = 22 

, trap 
roughness ^ 
r = 3 cm . , 

wide 

trap 

narrow 
0.4 + 0.21 0.4 + 0.20 0.2 + 0.12 0,2 + 0,10 

1.3 + 1.01 1.1 + 0.81 1.0 + 0.60 0.6 + 0.23 

narrow 
0.8 + 0.40 0.5 + 0.3 0.4 + 0.2 0.3 + 0.1 , trap 

roughness ^ 
r = 1 cm 

wide 
trap 

1.8 + 2.2 1.3 + 1.2 2.1 + 1.5 0,6 + 0.3 

number of 

observations 4 f o ö 

2,3,11,11' 1,4,12,12' 14',14", 14"' 15,15',16, 

Tests 13,13',22 17,19,19' 16',16",16"' 

18,20. 
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so that a smaller part of the total quantity of transported material 

will be trapped. 

(ii) The transports in the two different directions, for current only, 

differ significantly, when it is assumed that the values of b, as 

calculated by this procedure, are distributed around their mean 

values like stochastic variables. The reason may be found in the 

fact that although sand with the same diameter was applied,the pack

ing of the sand at both sides of the sand trap was different. An

other explanation may be that, although the mean velocity was equal, 

the upstream conditions for the two current directions were not 

equal. This results in a different vertical velocity distribution 

and from that in a different bed shear. Although from visual judge

ment, the ripple patterns and heights for both situations were equal , 

a slight change in ripple coefficient might also cause this differ

ence in the values of b . Since it was not possible to predict the 

difference in the ripple coefficient beforehand, it has not been 

introduced in the calculations. 

(iii) For wide and narrow sand traps the values of b for current only and 

for the combination of current and waves, are not significantly 

different. Hence the conclusion may be drawn, that the transport 

of material is increased by the waves, independent of the fact 

whether the waves are propagating obliquely with the current, or 

against the current. 

Although the agreement in the results with a roughness value of 1 cm 

- which value is less likely - is not so good, the major conclusion, viz, 

that transport by the current is increased by the waves by an equal factor, 

irrespective of the fact that the waves propagate obliquely with or against 

the current, holds equally good. 

IV.4. Conclusions 

The main conclusions from the tests described in the foregoing para

graph are the following. 

(i) The transport of a combination of waves and current can be written 

as: 

-0.27 
ADC^ 

2 1 ^o ^ 
1/2 (IV (1 + - (C — ) ) 

S = b . D j g / e ^ ^ (IV.4-1) 
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1 IO 

in which ^ = p K c / g ' , or: 

_0.27 ^ ^ 2 

S = b .D ( T ^ / P ) ^ e ^ (IV.4-2) 

(ii) The principal difference of this equation with the original one of 

Kalinske-Frijlink is, that the ripple factor is operative only in 

the stirring parameter, and not in the transport parameter. Keeping 

in mind the definition of the ripple factor, as defining that part 

of the bed shear which is not used to overcome bed resistance, it 

is physically more justified to introduce this factor only in the 

stirring parameter. Once the material is stirred up, it is moved 

with the current velocity. Hence, a ripple factor seems here to 

have less sense. 

(iii) A rather important variation may occur in the factor b . For the 

determination of the scales of the velocity and the wave height 

this is not so important. It will, however, always be necessary to 

carry out some calibration tests for the determination of the trans

port and time scale. 

(iv) The values for the resistance coefficient C, which are introduced 

for prototype and model in the equations, may have a rather import

ant influence on the results. Since it is not always possible to 

predict these values with sufficient accuracy, computations of the 

scale factor will have to be performed with different values of C. 

From these computations the possible variation in the scale factors 

resulting from a wrong evaluation of the resistance, can then be 

predicted. 
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CHAPTER V 

SCALE LAWS FOR MODELS WITH MOVABLE BED 

V.I. Scales with respect to the reproduction of the current pattern 

As stated already in par. II. 3j "the main requirement for a coastal 

model with a movable bed is, that the transport scale is invariable all 

over the model. Prom the results obtained by the author and presented in 

chapter IV, it follows that the transport by a combination of waves and 

current may be described by the formula: 

.0.27 ^ ^ ^ 

V 1/2 ^^^^' 4 (̂  V)') S = b D J g ^/^ e 2 V (v.1-1) 

According to this formula, and also according to the experience of the 

Delft Hydraulics Laboratory, the transport of material offshore the 

breaker region is determined almost exclusively by the current. In order 

to obtain the correct development of the bottom configuration the current 

pattern should, therefore, be reproduced with similarity to the prototype. 

The requirement for the reproduction of the bed resistance with res

pect to reproduction of the current pattern is discussed by Bijker, 

Stapel and de Vries (7). If> otherwise than in the aforementioned publica

tion, where the ratio between convective and resistance terms in the model 

is taken as reference, the ratio between these terms in the prototype is 

taken, the following derivation can be given for the determination of the 

scale n.̂  of the radius of curvature R. 

The two equations which determine the current pattern are: 

1 2 

C d 

^ . g f f ^ O (V.1-3) 

where z is the ordinate of the water level and s and n are the ordinates 

in the direction of the current and at right angles thereto. Since the 

scales of n and s should be the same and equal to n the two equations 

may be combined to : 

(v.1-4) 
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The ratio K = — ~ ^ — (V.1-5) 

" Ad) 
Ĉ d 

indicates the ratio between the convective and resistance terms in the 

prototype, and the scale for K is: 

2 

- K = ^ (V.1-6) 

The equation (V.1-4) may now be written as: 

2\ - "/ 2\ (V.1-7) 

From the latter equation the following scale relationship can be derived. 

(K + 1) n^ n^ 

2 
(K + 1 ) n n 

Hence: n^ = /^ + T) (V.1-9) 

\ 

" l 

K . ^^ ^^ 
^ 1 

K + 1 
and: — = ^ ^ , (v.1-10) 

The variation of n /n, with variating value of K as function of n_ n,/n, 

is shown in figure V.1-1. 

However, the wave motion may also cause a change in the current pat

tern, due to the bed shear component at right angles to the main current, 

T". For a current which is determined by differences in water level, the 

current direction will coincide with the direction of the slope of the 

water surface. Deviation will occur only due to inertia effects and due 

to secondary currents. When wave motion is superimposed on such a current, 

the current pattern will change due to the fact that the resultant bed 

shear will be directed in the direction of the original slope. The current 

will , therefore, tend to deviate from its original direction. If the wave 

motion has a component in the direction of the current, the bed shear com

ponent normal to the original current will be directed in the direction 
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FIGURE 3Z: .1_1 
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of the component of the wave motion normal to the current (see figure 

111,3-2). The resultant bed shear would be deflected in the direction of 

wave propagation. Since, however, the main cause of the current is an 

energy gradient, this resultant bed shear will be directed in the original 

current direction and the current will be deflected in the opposite direc

tion, viz. against the direction of wave propagation. The opposite effect 

will occur if the wave motion opposes the current, that is when the wave 

motion has a component against the direction of the current. In this case, 

the resultant bed shear will have the tendency to be deflected against the 

direction of wave propagation. According to the same reasoning as given 

above, this will result in a deflection of the current in the direction 

of wave propagation. 

This phenomenon is demonstrated in the figures V.I-2 through V.1-5. 

In these figures the current is made visible by dye. Figure V.1-2 shows 

the current pattern around an obstruction along the coast, and figure 

V.1-3 shows the same situation but with waves with a component in the 

direction of the current. It is clear that in the vicinity of the construc

tion,where the correcting influence of the continuity conditions has not 

yet exerted its influence,the current is deflected against the direction 

of wave propagation. In figure V.1-4 a current in the opposite direction 

around the obstruction is shown, without waves and in figure V.1-5 with 

waves with a component against the direction of the current. In this case 

the current deflects in the direction of wave propagation. A qualitative 

computation of this deflection will be given later on in this paragraph. 

If this effect is superimposed on a current parallel to a long straight 

beach, the current would have the tendency to be deflected off the coast 

in case the direction of wave propagation is directed slightly with the 

current. If, however, the component of wave propagation parallel to the 

coast has a direction opposite to that of the current, the current will 

be directed towards the coast. For reasons of continuity, both situations 

are impossible over long distances, and for this reason secondary currents 

will be generated, together with a transverse slope at right angles to the 

shoreline. 

Taking into consideration the inevitable divergences between prototype 

and model, it would not be sensible to study these secondary currents in 

detail. However, both with respect to the reproduction of current patterns 

around structures and with respect to the reproduction of similar condi

tions along a straight beach, it will be important to have, as much as 

possible, the same ratio T"/T' in the prototype and in the model, 
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figure V.1-2 

Current pattern without waves 

Figure V.1-3 

Current pattern with waves 
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Figure V.1-4 

Current pattern without waves 

Figure V.1-5 

Current pattern with waves 
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According to par. III.3, equations (ill.3-18) and (ill.3-24) for 
0 

values of l e s s than 20 

r 1.13 
0.45 (^ 

and: 

10.75 

r u °-98i 
9 j - 0-3 + 0.7 (S -f) 

(v.1-11 ) 

(v .1-12) 

According to the approximation given in paragraph III.3,(equations 

(ill.3-19), (III.3-20) and (ill.3-25), (ill.3-26)),which is more general 

and which gives, moreover, better results for values of C u /v smaller 

than 1: 

u 1-5 
1 + (0.36 - 0.14 cos 2(p)(5 — ) 

V 

1.25 

and: T" = T 0.205 sin 2(p {E, — ) 

(v.1-13) 

(v.1-14) 

From these formulae it is evident that the necessary and sufficient 

requirement for true reproduction of T"/T; ' is that ^ u /v is equal 

for prototype and model. 

Hence: 

X n C n (V.1-15) 

Normally n will be in the order of magnitude of 2, so bhat n i::: n /2, 
0 U Q V 

Hence, when the main current velocity is exaggerated due to transport 

reproduction requirements, the orbital velocity should be exaggerated 

even more. In most cases this will not be possible, however. For this 

reason discrepances in the ratio T"/T' = 9 due to deviations from this 

scale requirement, will be inevitable. In order to relate these dis

crepancies to the actually occurring phenomena the deviation A(9)from 

0, as should occur theoretically in the model, will be computed. When 

the value of A(0)remains small, no serious discrepancies will occur, 

From equations (V.1-11) and (v.1-12) follows: 

n 

m 
u 0.98 

0.3 + 0.7 (5 — ) 
V ^n„ n 

0, u 0. 

0.3 + 0.7 (E -y) 
u 

1.13 

+ 0.75 + 0,45 U ^) .( 
u 
_c 
V 

1,13 1.13 

n^ n 
C u 

0.75 + 0.45 U -f) 

(v.1-16; 
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The factors E, ̂ x /v without subscript denote in this and the following 

expression the values for the prototype. 

From (v.1-13) and (V.I-I4) follows: 

1.25 1,25 1.25 
u n u 

0.205 sin 2(p {E -f) -(^ I ) 0-205 sin 2(p (C ^ ) 
C u o 
1.5 1.5 1.5 

u n ^ u 
1+ (0.36- 0.14 cos 2(p)(S ̂ ) . ( ^ ^ — ) 1 + (0.36 -0.14 cos 29)(C ^ ) 

C u o 
(V.1-17) 

A positive value of A(e)indicates an increase of the deflection 9, 

whereas a negative value of A(9) indicates a decrease of 9. 

From the results of the computations, represented in the figures V,1-6 

through V.1-11, the following conclusions may be drawn. 

For rather high values of E, u /v, say !>-7 > important discrepancies have 

only to be expected when n /n n^ <^ 0.4. This will occur rather seldom. 

For more normal values of ^ u /v, say between 1 and 4, more important 

discrepancies may occur. These discrepancies will be smaller for values of 

n /n„ n,, ̂  1 , than for values of n /n„ n,, <" 1. The deflection of the 
v' C T̂ Q -^ ' v' C ^o 
resultant bed shear from the original current direction, or the deflection 

of this current will increase in the model as compared to the prototype 

when n /n„ n,, !> 1 , and decrease when n / n„ n,, <1 1 . 
v' C ^o V' C ^0 

In general, the discrepancies will be so small that no great influence 

on the model results has to be feared. This is also confirmed by the 

results of various investigations where this requirement was not met. Of 

more importance is probably the situation where bottom material may be 

shifted by the wave motion from the main current into an area of bar 

formation. 

V.2. Scales with respect to the reproduction of bed load 

The requirements for invariability of the transport scale all over the 

model can be obtained by dividing the sediment transport in the prototype 

by that in the model and by establishing the conditions that should be met 

to obtain a constant value of this transport scale. This method is also 

used by Bijker, Stapel and de Vries (6, 7) for movable bed models with 

current only. 

Using the formula (v.l-l), the following expression is obtained: 
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-0.27 

n LL 

ADC^ 

2.. 1 -2 "'ox I 
|i V (1 + - C --) ! 

V jpr 

r ADC^ 

L 

2 
2/, 1 ^2 ̂ ox 

|i V (1 + 2 ^ — ) 

.1 
(V.2-1) 

When the various values, C, u , v and C of the prototype are written with

out subscripts and the values for the model are obtained by dividing these 

values by the scales, this formula may be written as: 

-0.27 
ADC' 

M,v 

D V 

V D 2 
2 2 

„ u . u^ n n 
1 _1_ r2 _o _ 1_ J.2 _o A D 

2 ^ 2 ' 2 ^ 2 2 
V V n n 

|i u 
Qj 

^A'^D 2 -1 o "̂ ^ 

2 ^ 2 
V 

1 1 r2 _£ Z_ 
2 ^ 2 2 2 

V n_ n 
C u 

^ (V,2-2) 

In order to achieve that n is invariable over the model, n̂ , should be 
o 

independent of the values of v, C and u which vary over the model. This 

can be only obtained when the power of e is zero. So 

'^A^ 2 
^ ^ C 

. 1 ,2 % 1 2 \ "A"D 
2 ^ 2 " 2 ^ 2 2 

V V n n 
|I u 

= 0 (V.2-3) 

From this follows for the velocity scale, 

^A"D 2 

ir-"c 
2 2 

1 1 r̂  _o 1 r̂  _° A D 
V V n n 

H u 

(V.2-4) 

o 

Since, for practical reasons, it is impossible to vary n over the model, 

the following final requirement is obtained: 

1 .2 ̂  1 .2 % ^A^ 
2 t. 2 2 ^ 2 2 ' 

V V n n 
p, u 

(V.2-5) 

assuming that n_, and n are constant over the model. 
C ji 

In that case the following scales for current and orbital velocity are 

obtained: 

(n.n^/n ) ̂  . n, 
^ A D' |J.' C 

(v.2-6) 
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and: n = (n n /n ) ^ / ' ^ (v.2-7' 
u ^ A D' n^ \ I , 

The first relationship is the same as that obtained for the ideal velocity 

scale (6, 7) with current only. 

From the combination of (v.2-6) and (v.2-7) follows a relationship between 

V and u , viz.: 
o 

n 

A n̂  = 1 (V.2-6) 
V 

which is the same relationship as required for correct reproduction of a 

current pattern under influence of wave motion. 

Since it will not always be possible to reach the ideal velocity scale, 

the deviations of the transport scale, with variation of velocity and depth 

have to be calculated. In order to determine what variation of n may be 

expected for varying ratio of 5 u /v and for different values of u and 

V, a computation has been made for the following data: 

ADcVtiv^ = 2.75; n ^ V % = ̂ ' Ĉ = 2' "b = ̂' 

5 u /v = 150, 300, 450 and 6OO; n and n = 1-5, 3J 4-5 and 6. 
o 

The results of this computation are represented in figures V,2-1 through4> 

From equation (V.2-6) follows for the velocity scale, giving a transport 
1 /2 

scale which is invariable over the model: n = n„ (n.n^/n ) ' = 2 and 
W 2 V C ^ A D̂  |i' 

from equation (V.2-7): n =(n.n^/n ) ' = 1 . Comparing figures V.2-1 and 

2, it is evident, indeed, that the value of the ideal velocity scale for 

the current should lay between I.5 and 3. 

Although the curves give an indication of the variation of n with 

5 u /v for different values of n and n„ , this indication is not suffi-
o' V '̂o 

cient to determine the variation with only v, as in formula (v.2-2)also 
2 2 

A D C /|iv should be varied. To obtain an impression about this variation, 

which could be seen as a variation with the location for some combinations 
2 2 

of n and n„ , also values of n have been computed with A D C /(.IV varying 
V o '̂  

with V, in the same way as ^ u /v varies with v. These results are given 

with dotted lines on figures V.2-2 through 4. 

From these curves, the following conclusions about variation of n , 
o 

when the ideal scales cannot be achieved, may be drawn. The deviation of 

n is greater when 5 u /v is smaller. Not only the deviation from the 
O O 

ideal value, but also the variation with a certain variation of u and v 
' o 

becomes greater. It is not possible to influence this phenomenon on one 
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way or another, since C u /v is exclusively governed by the prototype 

conditions. It is quite understandable, however, that variations in n 
o 

become smaller for high values of C u /v, since the wave motion stirres 

up the material. This effect has the tendency to decrease the limit of 

the critical shear-stress velocity at which movement is possible. Reproduc

tion of bed load movement is in most cases easier when the conditions are 

not too close to the limit of this critical velocity. This effect is also 

demonstrated by the fact that variations in n are smaller for low values 
of n , that is for relative high orbital velocities in the model. 

o 
The tendency, known in normal movable bed models with current only, 

of relatively too deep scour holes, is found also in coastal models. 

From the dotted curves it becomes clear that, for velocity scales which 

are above the ideal velocity scale, n increases with ^ u /v, hence 

decreases with increasing current velocity. A decreasing transport scale 

means a transport in the model which increases more, compared to the 

surroundings, than in the prototype. Hence, since scouring normally occurs 

at places with higher velocities, this leads to higher transports in the 

model at these locations and, therefore, to deeper scour holes. A similar 

reasoning leads to the conclusion that shoals in the model are too high 

in comparison with the prototype. These effects are even strengthened by 

the fact that in deep areas u will decrease, whilst in shallow areas u 
o o 

will increase. This has an equal effect on ^ u /v as increase, respective

ly decrease, of the velocity. 

Ho attempt has been made to develop graphs on which variations of n^ 

can be read. With modern computer techniques it will be much easier to 

compute these variations. An example is given in the next paragraph. 

V.3. Conclusions 

From the results, presented in the first two paragraphs of this chap

ter, and from the general conditions discussed in paragraph 1.2 the 

following outline for the most appropriate procedure for establishing the 

scales for a coastal model can be given. 

For a correct and invariable reproduction of the transport phenomena 

in the model, the following relationships should be satisfied: 

2 
n n 
-2—^ = 1 (V.3-1) 

n, \ y J 



Bibliotheek TÜDelft 
Verlengingskaart//?enei/va/ 
notice 

C Briefkaart 

FRANKEREN 

ALS 

BRIEFKAART 

Aan de Bibliotheek van de 
Technische Universiteit Delft 
Postbus 98 
2600 MG DELFT 



lenersnummer/ 
borrowersnumber: 00 

boeknummer/ 
booknumber 

met copynummer: 
(zie label in boek) 
copynumber 
(see label in book) 

C 100 

aanvraag voor VERLENGING door/please renew this loan: 

naam: 
name: 

adres: 
address: 
postcode + 
woonplaats: 
postal code 
+ city: 

Niet volledig inge
vulde kaarten worden 
niet behandeld. 
Uncompleted cards 
will not be processed. 

X2 Verlengd Xot/renewed until: 

_ Niet verlengd, retourneren a.u.b./renewal not possible, please return document 



- 129 

n 
V 

n n 
u C 
o 

(V.3-2) 

1/2 
n.n ' n 

(-p) -^=1 (v.3-3) 
|i V 

1/2 

(X^) . H- = ̂  (v.3-4) 
H u 

o 

Relationship (V.3-l) gives the requirement for true reproduction of the 

current pattern as far as this reproduction is influenced by the bed rough

ness. This requirement is equal for models with current only and for models 

with a combination of current and waves. Particularly in coastal models 

where n,/n, has a rather high value (between 5 and 10) determined by the 

ratio of the equilibrium slopes of the beach in model and prototype, n 

will have a value which is higher than will be attained without further 

measures. The first, and in many cases best, solution will be the applica

tion of artificial roughness as discussed by Bijker, Stapel and de Vries 

(6, 7) 2̂ cl Reinalda (31). Since this artificial roughness will not only 

influence the resistance coefficient but also the ripple coefficient, the 

influence on the transportation of material will not be very great. This 

is also demonstrated by the tests executed by Aspden et al as groupwork 

of the International Course in Hydraulic Engineering Delft (18). 

Equation (V.3-3) indicates the velocity scale which gives an invariable 

transport scale over the entire model. The parameter n.n^/n will have, 

depending on the material in prototype and model, values which are some

what higher than 1, say between 1 and 3. This leads to values of n which 

are normally lower than the square root of the depth scale, which is the 

velocity scale for which the energy slope is reproduced according to the 

distortion of the model, assuming that requirement (v.3-l) is fulfilled. 

Application of this velocity scale and of artificial roughness leads, 

therefore, to energy slopes in the model which may be too steep. This may 

lead to unacceptable deviations of the water depth at both sides of the 

model. In order to deminish this disadvantageous effect, the artificial 

roughness is normally only applied in that part of the model where the 

flow lines are strongly curved and where true reproduction of the current 

pattern is essential (6, 7» 31). 

However, if this would not give sufficient release, a too low value 

of n , giving a too high value of G in the model, will have to be accep-
c 

ted. The scale for the radius of curvature of the flow lines is 
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9 

represented in figure V.1-1. Since in this case, n /n n "> 1, n will be 
1 Q Ü hi 

too low, which results in values of R in the model which are to high. In 

this case, the flow lines in the model will not be sufficiently curved. 

From equation (V.1-10) and also from figure V.1-1, it can be judged whether 

these deviations will be acceptable or not. 

Relationship (V.3-2) gives the requirement for correct reproduction of 

the current pattern, in case this would be influenced by the wave motion. 

Especially when n is reproduced according to relationship (V.3-1)» so that 

it has a rather high value, this leads to rather low values of n . Since 
^o 

this is often not possible because of the fact that the wave height cannot 

be exaggerated too much, n /n^ n will be smaller than 1. From figures 

V.1-6 and V.I-7 through 11, it is evident that this should be avoided as 

much as possible, since for values of n /n^n^ <^ 1 the discrepancies in 

the reproduction of the current pattern increase more rapidly than for 
values of n /n„n^ 1X> ^ • Figures V.1-7 through 11 indicate, however, that 

o 
when n /n„n^ is not too small, the deflection of the flow lines, A(0), is 

not more than some degrees. 

More important than the discrepancies in the current pattern are, how

ever, the discrepancies in the sediment transport scale n . These discrepan-

cies will be discussed with the aid of a model of a fishing harbour, as 

shown on figure V.3-1' 

For this case the following data are available: 

Wave period, 

Wave height, 

Current, 

Depth, 

Bottom material, 

T 

H 

v 

d 

D m 

^ 0 

0 

Prototype 

6 s 

1.00 m 

17 - 0.75 m/s 

6.8 m 

0.4 10-5 m 

0.5 10-5 m 

1.65 

0 

Model 

1.8 s 

0.052 m 

20 - 0.45 m/s 

0.23 m 

0.20 10-5 m 

0.29 10-5 m 

1 .65 
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scale : 

O 500 1000 meters 

FISHING HARBOUR 

FIGURE 3 . 3 - 1 
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Possible bottom conditions are: 

r 

C 

r 

C 

T 

C 

n 

11 

Prototype 

0.025 m 

64 m ' /s 

0.58 

0.05 m 

58 m^/^/s 

0.48 

0.10 m 

52 m^/^s 

0.42 

(i) 

(ii) 

(iii) 

Model 

0.005 m 

49 m''/̂ /s 

0.56 

0.01 m 
.. 1 /2 / 44 m ' /s 

0.48 

0.02 m 

39 m^^Vs 
0.40 

Due to the required reproduction of the slope of the beach, the dis

tortion of the model should be about 5- Since the dimensions of the 

harbour entrance to be studied are not very large, a rather small length 

scale will be required. Hence, for the length scale should be chosen, for 

instance, a value of 150 and for the depth scale a value of 30. The most 

likely combination of bottom conditions for model and prototype will be 

(ii), i and (ii), ii. For these combinations the velocity scales, deter

mined by means of formula (V.3-3)) are 1,86 and I.84. These values are 

too small for application since the energy gradient required to attain 

this velocity in the model is far to steep. The slope of the water surface 

is reproduced according to the normal resistance law as: 

n 

2 
^C ^d 

(v.3-5) 

This leads in this case to a scale for I of about O.O6, whereas this value 

should be n,/n = 30/15O = 0.2. For this reason, a value different from 

the "ideal velocity scale" has to be chosen. With this velocity scale the 

variation of the transport scale has to be calculated. 

From equation (V.3-5) follows for the velocity scale, when 
1 /? 1 /? 

C = 58 m ' /s and C = 44 m ' /s (conditions ii and (ii)), n = 3-2. p r ' m ' ^ V / / 7 .̂  ^ 

Since, however, in order to meet the requirement (V.3-2) for reproduction 

of the influence of the wave motion on the current, the velocity scale 

should not be too low, n =3.8 has been chosen. The fact that the energy 

slope in the model is relatively somewhat too small has no serious effects. 

Near the entrance of the harbour the velocity will increase from 0.35 
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to 0.45 m/sec or 0.45 to 0,55 m/sec over a distance of 500 m. The convec-

tive term ^ ( v /2g) = 4-10 to 5.10 and the resistance term 

(vVc^d)Al = 3-5 10"^ to 5.5 10"^. Hence, K i=2 1.0, and as n-^/n^n^ = 2.9, 

the deviation in n /n.. isa 0.7, so that the deviation of n will be as much 
n 1 K 

as 30^. Since, however, in this case no strongly curved flow lines are 

present in the region of main interest, this deviation is accepted. 

In this case a possible bar formation will occur in an region with a 

strong velocity gradient immediately in front of the harbour entrance. 

The true reproduction of T'/T", which indicates the angle which the 

resultant bed shear makes with the current, is very important as this may 

determine the quantity of material which is moved out of the influence of 

the main current. According to requirement (v.3-2), the scale for the 

orbital motion should, therefore, be n = n /n„ = 3.8/1.3 = 2.9. For a 
u v' C ' 

depth of 6.8 m in the prototype, the orbital velocities at the bottom 
in prototype and model are 0.45 and 0.15 m/s, respectively. This leads 
to n = 3 which is sufficiently close to 2.9, to avoid any serious dis-

o 
crepancies. 

With equation (V.2-2), the variation of n can now be calculated. The 
o 

results are represented in figure V.3-2. From this figure follows a varia

tion of n of about 25^ in the region of interest. This causes a depth in 

front of the harbour which is slightly too great. On the other hand, due 

to the slightly exaggerated transport in this region, as well as due to 

the increasing value of the transport scale in areas with lower veloci

ties, the shoal in the entrance will be reproduced somewhat too high. 

Since the wave height in the model is too great, due to the fact that 

n^ = 20 instead of 30, one may expect that the breaker phenomena are not 

reproduced exactly to scale. However, special tests have been carried out 

in order to ascertain that the beach slope is reproduced to scale. 
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SAMEITVATTIFG 

Bij kustmodellen is de weergave van de gezamenlijke werking van golven 

en stroom van uitermate groot belang. In deze studie is daarom een poging 

gedaan een basis te vinden voor de schaalbepaling die tot nu toe op voor

namelijk empirische wijze gebeurde. 

Hiertoe is in de eerste plaats onderzocht op welke wijze de schuif-

spanning van de stroom, zoals deze op de bodem wordt uitgeoefend, door 

de golfbeweging wordt beïnvloed. 

Met de op deze wijze verkregen resultaten blijkt het mogelijk een ver

klaring te geven van de empirisch reeds bekende verandering van de stroom

richting door de aanwezigheid van golven. 

Uitgaande van de bekende bodemtransport formules en de berekende toe

name van de bodemschuifspanning van de stroom door de golven, is een for

mule voor bodemtransport onder invloed van golven en stroom afgeleid, 

Met behulp van de formule voor toename en richtingverandering van de 

bodemschuifspanning en die voor het bodemtransport is vervolgens afgeleid 

aan welke eisen de schalen moeten voldoen om een goede weergave van het 

stroombeeld en het materiaaltransport te verkrijgen. 

Tot slot is aangegeven welke afwijkingen kunnen optreden als niet vol

ledig aan deze schaalwetten kan worden voldaan. 
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MAIK SYMBOLS 

a various coefficients 

A various coefficients 

b various coefficients 

B various coefficients 

c various coefficients 

c^ celerity of wave propagation LT 

c(..) concentration of suspended material at a certain level 
1/2 -1 

C resistance coefficient L ' T 

d depth L 

D grain diameter L 

e base of natural logarithme 

E energy flux per unit of width MLT 

F parameter 
_2 

g acceleration of gravity LT 

G parameter 

H wave height L 

I energy gradient and slope of water surface 

k wave number L~ 

K parameter 

1 length and mixing length L 

L wave length L 

M parameter 

n ordinate normal to flow direction L 

n scale 

N parameter 

p coefficient 

r bed roughness L 

R radius of curvature L 

s ordinate in flow direction L 

s standard deviation 
2 - 1 3 - 1 

S transport of material per unit of time L T or L T 

t time T 

T wave period T 

u orbital velocity LT" 
-1 

U mass-transport velocity LT 
_1 

v current velocity LT 
_-] 

V shear-stress velocity LT 

¥, 

resultant velocity of main current and orbital 

motion 
LT ' 



^ 
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_1 
w falling velocity of grain LT 

X horizontal ordinate L 

X parameter 

y vertical ordinate L 

Y various parameters 

et amplitude of orbital excursion at the bed L 

|0 coefficient L 

y angle 

6 thickness of boundary layer L 

.A. relative apparent density 

A ( . . ) small increment 
2 -1 

£ eddy viscosity coefficient L T 

^ coefficient 

9 angle of deviation of flow 

K constant of von Karman 

\i ripple coefficient 
2 -1 

V . viscosity coefficient L T 

Z parameter 

Q density ML~ 
-1 -2 T shear stress ML T 

9 angle between wave crest and flow direction 
u/ phase angle of waves 

_1 
(1) wave frequency T 
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S T E L L I N G E N 

1 

Golfbrekers evenwijdig aan de kust geven alleen een duidelijke vermindering 

va.n het zandtransport langs de kust als dit transport voornamelijk wordt 

veroorzaakt door golfbeweging. 

2 

De lengte van havendammen ter bescherming van een haveningang aan een zan-

dige of slibrijke kust wordt, als gebniik kan worden gemaakt van moderne 

baggertechnieken, vrijwel uitsluitend bepaald door de nautische eisen en 

niet door de te verwachten materiaalafzettingen in en voor de ingang. 

3 

De te verwachten exploratie van de bodem van de Noordzee maakt het noodza

kelijk dat, met het oog op de veiligheid zowel van de hiervoor gebruikte 

installaties als van de scheepvaart, regelmatig waarnemingen worden gedaan 

over de waterbeweging en de bodemveranderingen. Een dienst zal in het leven 

moeten worden geroepen of een bestaande dienst zal moeten worden uitgebreid 

om deze waarnemingen te verzamelen en direct te verwerken voor de begelei

ding van de exploratie-werkzaamheden en van de scheepvaart. 

4 
Het belang van een goed ontwerp van de vorm van de uiteinden van havendam

men voor de beperking van de doordringing van golfbeweging in havens wordt 

in het algemeen onderschat. 

5 

Als bij pneumatische en hydraulische golfbrekers de golven niet tot breken 

worden gebracht is het effect van deze middelen praktisch nihil. 

6 

De verklaring van het feit dat in de meeste formules die het verband tussen 

zandtransport en energietransport langs de kust weergeven niet de korrel-

diameter voorkomt, moet worden gezocht in het feit dat het merendeel van 

de stranden, waarop deze formules betrekking hebben, bestaan uit zandsoor-

ten die onderling weinig in korreldiameter en dichtheid verschillen. 



7 

Alhoewel de methode der dimensieanalyse een nuttige mogelijkheid biedt tot 

rangschikking van de grootheden die ean verschijnsel bepalen, geeft deze 

methode in vrijwel alle gevallen geen wezenlijke vermeerdering van het in

zicht in het fysisch probleem en draagt ook niet bij tot het sneller en 

efficiënter opstellen van een eventueel noodzakelijk proefprogramma. 

8 

Bij het optreden van kort durende, zeer hoge drukstoten op verticale of 

nagenoeg verticale wanden tengevolge van brekende of bijna brekende gol

ven, wordt de grootte van de drukstoot verminderd door opgesloten lucht, 

9 

Bij hulpverlening aan ontwikkelingslanden is het uitermate wenselijk dat 

geen op zichzelf staande experts worden uitgezonden, maar dat de uitge

zonden expert deel uitmaakt van een bestaande organisatie met voldoende 

ervaring op dit gebied. 

10 

De afschaffing van de voorbereidende cursus voor de toelating tot de mid

delbare scholen moet als een wezenlijke achteruitgang worden beschouwd. 

11 

Het doen uitvoeren van de zuigelingen- en kleuterconsultatiebureaux van 

de kruisverenigingen door in los verband gecontracteerde artsen en/of 

door huisartsen leidt niet tot een optimale zuigelingen- en kleuterzorg. 

Een betere oplossing is voor deze bureaux artsen in volledige dienst aan 

te stellen. 


