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History and scope of report

The work described in this report was carried out by the author during 1967 when he was
on study leave from the University of Queensland at Delft Hydraulics Laboratory’s de
Voorst Laboratory in the Northeast Polder in the Netherlands.

The primary aim of this research project, which was funded by the Dutch Public Works
organisation, Rijkswaterstaat, and overseen by Eco Bijker, then Deputy Director of Delft
Hydraulics Laboratory, was to determine the influence of the height of a coastal sand
dune upon the amount of recession of the shoreline during a period of increased ocean
water level (storm surge).

Drafts of chapters 1 to 5 of the report were completed by me soon after | left de Voorst
Laboratory in early January 1968. Ton van der Meulen edited these drafts and produced
the text and figure volumes at the laboratory in May 1968. Subsequently, Riemer Reinalda
produced the Conclusions volume (chapters 6 and 7) in June 1969, using a draft prepared
by me after my return to Brisbane and additional analyses by Rijkswaterstaat engineer W.
T. Bakker. For various reasons, including a lack of resources to prepare the figures in a
form suitable for publication, the draft report was never formally published by Delft
Hydraulics Laboratory.?

In July 1968 project supervisor Eco Bijker wrote to me after his coastal engineering
colleagues in the Netherlands (Werkgroep 5) had reviewed my draft of chapters 1 to 5 of
the report as follows: “I like to tell you that everybody of our working group on coastal
erosion appreciates your report very much. | myself am also very much impressed by the
Skillful way you have elaborated the tests and the way you have indicated in the report
already the directions in which conclusions could be formed.”

In August 1968, following a question from one of the members of “Werkgroep 5” about the
difference in recession between a dry and wet dune, | made a short investigation at the
University of Queensland on the influence of moisture upon the strength of the model sand
dunes considering both the influence of capillary moisture and rain and spray. A short
unofficial report was sent to Ton van der Meulen at de Voorst Laboratory in September
1968.

1 Delft Hydraulics Laboratory was the name under which the Dutch hydraulics laboratory operated
internationally. In the Netherlands it was known as Waterloopkundig Laboratorium which simply means
Hydraulic Laboratory.

2 Readers should be aware that there are many minor uncorrected typographical errors in the text, mostly
the result of Dutch typists misreading my handwritten draft. Occasionally, a word has been misinterpreted
and replaced by completely different word. In other places one or more words have been omitted. These
cases are generally obvious to the reader, even if the correction may not be so.

It is emphasied that the text is a draft and that readers should independently verify material before using it in
professional practice.



Previous publications based on this research

Two papers concerning this research were presented to the 11th (International)
Conference on Coastal Engineering in London in September 1968. Proceedings of this
conference were published by ASCE in 1969.

1. Van der Meulen, T. and Gourlay, M. R, 1969. “Beach and Dune Erosion Tests” was
written by Van der Meulen, using the results of Gourlay’s experiments as presented in this
report, and describes the experiments and some of their results. This paper was later
republished as Delft Hydraulics Laboratory Publication No. 61 in November 1969.

2. Edelman, T. 1969. “Dune erosion during storm conditions” applies concepts derived
from the test results to the practical problem of predicting dune erosion. Edelman was
Chief Coastal Engineer in the Rijkswaterstaat at that time.

Subsequently in mid1971 | requested permission from then Head of de Voorst Laboratory,
Jo Vinje, to publish other material from this report. After consultation with the relevant
engineer in the Rijkswaterstaat this permission was given but various other commitments
prevented my preparing any new publications.2 Making the report available now (2015) on
espace allows present researchers and practitioners the opportunity to study and make
use of these experimental results.

Significant original work

1. The surf zone mobility parameter H/Tw and its significance are explained for the first
time. H is wave height, usually deepwater wave height Ho, but sometimes breaker height
Hb ; T is wave period; and w is the fall velocity of the beach sediment particles. (Section
3.3, pp. 15-21; section 7.3(e), p. 9; section 7.5(b), p. 10)

2. Comparison of equilibrium beach profiles formed by wind-generated waves and those
formed by equivalent regular waves. This project was one of the earliest to use random
waves in beach profile experiments. (Section 4.2, pp. 26-34; section 5.4, pp. 72-80 and
figures 59 to 77; sections 5.6.2 and 5.6.3, pp. 90-104))

3. Calculation of changes in net onshore/offshore sand transport rates, both with time at a
given location in the surf zone and along a beach profile at a given time, as the dune and
beach erode and the nearshore profile approaches equilibrium. (Section 5.14, pp. 55-58
and figures 41 to 46; other examples in subsequent sections of report)

4. Clarification of the influence of dune height and shape upon the erosion of a shoreline
and nearshore profile development and the application of these results to the design of
artificial sand dunes. (Section 5.1, pp. 41-59 and figures 12 to 26; Chapter 6, pp. 1t0 5
and figures 113 to 115; section 7.1, pp. 6-7; section 7.4, pp. 9-10)

Other relevant publications by author
Subsequent experimental research at the University of Queensland involving the

development of equilibrium beach profiles formed under various wave conditions for
several different beach sediments ranging in median size from 0.22 mm to 2.48 mm and

3 A few measurements from the report are used in Figure 7 of Gourlay 1980.



specific gravity of 2.65 and 1.34 has shown the significant influence of the sediment
mobility parameter Ho/Tw in relation to relatively impermeable beaches formed in fine
sediments. Accreting beaches formed in coarser sediments are more influenced by the
permeability of the beach material and its fluidising velocity. This research has been
published in the following two reports/papers. The first one (Gourlay 1980) also gives a
review of the use of Ho/Tw by various researchers up until that date.

Gourlay, M. R., 1980. Beaches: profiles, processes and permeability. Univ. Qld., Dept Civ.
Eng. Research Report CE14, 36 pp. (An expanded version of a paper with the same title
published in Proc. 17th Coastal Eng. Conf., Sydney, 1980. Am. Soc. Civ. Engrs, New York,
Vol. 2, pp. 1320-1339, 1981.)

Gourlay, M. R., 1985. Beaches: states, sediments and set-up. Preprints 7th Australasian
Conf. on Coastal and Ocean Eng., Christchurch, New Zealand, 1985, Vol. 1, pp. 347-356.
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| 1. Introduction

1.1, The Problems

In all parte of the world where sandy coastlines of comparatively recent
origin in geologic terms occur, there is a potential danger of coastal
recession under the influence of prevailing meteorological and oceano—
graphical conditions.

In certain parts of the world such as Florida, U.S.A. and southern Queens-
land, Australia, where large scale investment in real estate and reoreational
facilities has been incurred in many cases with comparatively little

consideration of the consequences for the natural enviromment, such

coastal recession is of great economic importance since the destruction of

the coastal beaches removes the primary natural asséﬂt of these pfgces. <

On the other hand in the Netherlands where a considerable amount of the

country lies below sea level, the recession of the coastline and the

consequent destruction of sand dunes and artificial defences inevitably

results in a national calamity as history records on many occasions.

The erosion of sand dunes during periods of high sea level acoompanied

by strong wave action such as frequently occur on the North Sea under

storm conditions is thus of extreme importance in the Netherlands and full

knowledge of this process is required by those who have the responsibility

of maintaining the nation's sea defences.

Accordingly the Waterloopkundig Laboratorium was requested by Werkgroep

5>~Duinen als waterkering- of the Technische Advies Commissie voor de

Waterkeringen, to investigate a number of matters related to both the

maintenance of existing sand dunes and the design of artificial sand

dunes as sea defence works. These investigations, which were commenced in

November 1966 and continued until November 1967, were concerned with the

following problems:

a) the influence of the height of sand dunes upon the amount of coastal
recession during storm surge conditions)

b) the development of equilibrium beach profiles within the surf gone and
immediately offshore of it and their relationship to the amount of

coastal recession;




B

¢) the differences in coastal recession and equilibrium profiles obtained
with regular waves and thoge obtained with wind waves (or other irregular
waves );

d) the influence of a current flowing parallel to the shore upon both the
amount of coastal recession and the form of the equilibrium profiles.

The results concerning items (a) to (c) above are presented in this
report while those relating to item (d) will be the subject of a separate

report.

1.2, Acknowledgements

The experiments described in the report were carried out in the Laboratory
n"de Voorst" of the Delft Hydraulics Laboratory.

The experiments, which were under the general direction of Dr. ir,

E.W. Bijker, deputy director of Delft Hydraulics Laboratory, were commenced
by irs. J.P. Montas and T, v.d. Meulen, engineers of the laboratory,

The main part of the work together with the original draft of this report
were carried out by Mr. M.R, Gourlay, Senior Lecturer in Civil Engineering
at the University of Quemmsland, Brisbane, Australia, while on study leave
at the Delft Hydraulics Laboratory. Final'preparation of this report for
publication was in the hands of ir. T. v.d, Meulen who together with

ir, G. v, Staal and G, v. Heerde gave inveluable assistance during the

investigation.




2, Review of Present Knowledge

2.1, Dune Erosion and Design of Artificial Sand Dunes

Erosion of sand dunes along the Dutch coast has occurred over a considerable
period of history and much general information concerning this phenomenon
is available in the records of the various organisations responsible for
coast protection, etc. However relatively little syetematic data were
collected until after tﬁe period of the second wordd war and the 1953

storm surge. Since then strenuous efforts have been made to obtain quanti-
tative information concerning changes in the beaches and coastal dunes
along the Dutch coast. Profiles at numerous fixed points along the coast
are surveyed regularly so that data will be available concerning the
recession of the dunes under the influence of all future storm surges.

Thus a comprehensive picture is being slowly built up of changes in the
dunes and dry beach area. This picture is being further extended by hydro-
graphic surveys out through the surf gone into the offshore region.

The acquisition of basic data concerning coastal processes is essential

for an informed and reliable approach to the design of sea defence works.
In the absence of such data or if such data as are available are
ingufficient, it is clearly necessary that approximate methods of design

be developed to meet the immediate pressing problemm of protecting the
country against inundation from the sea. Several such methods are described

in reference 13 and are summarised below,

a) Viisgingen 1958 Method

Experimental data from the 1953 storm surge shows a relation between
recession of tie dune foot (assumed at N.A.P. + 4 metres) and the dune
height measured above the dune foot. The product of these two quantities
8ives an indication of the volume eroded and appears to be approximately
oonstant for the 1953 data (100 to 200 m3/m). For the estimation of dune

recession under different conditions, i.e. super storm surge, it is
assumed that this depends upon both the duration and level of the super
8torm surge both of which are greater than in 1953. It is assumed fhat the
dune recession for the super storm surge depends upon the square of the

Tatio of the duration of this surge and the duration of the 1953 surge for
the same dune height.




The method implies that the volume of sand eroded during a given storm

surge condition is constant.
b) Hoorn 1958 Method

It is assumed that the dune will erode up to the point where the exteﬁ&ion
of the slope of the dry beach cuts the storm surge level.

c) Vlissingen-Hoorn 1962 Combined Method

The dune foot position after erosion is now found by extending the beach
slope to such a level that the volume of dune erosion is equal to the
volume calculated for the super storm surge for the particular dune height
considered.,

The exterior slope is now made 1 in 4 as this is more favourable for
accretion due teo wind action than the eroded slope of 1 in 2. The extra-
polation factor to allow for the increaded duration of the super storm
surge compﬁﬁga with that of 1953 is now taken as the three halves power

of the duration ratio instead of the square as in method (a).
Foot d e Height Level

A plot of dune height relative to dune foot level against the dune foot
height relative to mean sea level (N,A.P.) for the 1953 storm surge
indicates that dune foot recession decreases both with a higher dune height
and a higher dune foot. The increased dune foot recession due to a higher
water level is obtained from this graph by determining the dune foot
recession for a dune foot height reduced from the existing dune foot level
by the amount the water level rises.

!ﬂ_wgve Runup and Storm Profile Methods

Reference 13 also suggests how estimatea of dune erosion can be made from
Gongideration of either the wave runup é;is parabolic storm profile and

their effect upon the position of the dune foot.

X
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I Consideration of most of the above methods shows that they suffer from the
limitation that apart from the #torm surge level the factors considered are
all basically effects rather than causes. The basic cause of the dune
recession, wave'action, is hardly considered at all. An attempt has been
made to remedy this recently by Edelman (reference 8). In this case it is
agsumed that the beach and profile within the surf gzone are constant at 1
in 50 as far as the breakpoint, defined as a depth equal to 1,3 times the
wave height., Dune erosion is calculated on the basis that the volume of
sand eroded from the sand dune is spread uniformly a% a slope of 1 in 50
between the beach and the breakpoint., Such a method results in the dune

recession being greater for low dunes than for high ones, while the volume
of sand lost from the dune increases with the dune height (figures 2 and 4
of reference 8),

Since the length of the surfZone over which the eroded sand is deposited
depends upon the wave height, it is also evident that this method implies
that the dune recession increases with the wave height.

Inplicit in the simplifying assumption of a constant profile slope is the
conocept that the beach profile is of the same shape under all conditions.

This of course may not be the case in reality.

2.2, Rate of Erosion and Rate of Profile Development

When available information concerning the actual rate of dune erosion and the
associated beach profile development is considered it is immediately evident
that there are very little data available. Measurements during prototype
situations are virtually non existent while most laboratory data were
obtained using relatively small waves with in many cases rather low steep-
ness which makes them more representative of swell conditions than storms,
Scale effects are therefore likely to be very important and the application ;
Of the results to prototype situation must be made with extreme caution.
Further there are relatively few investigations which deal with situations

comparable to the erosion of sand dunes under storm surge action,

Some of the work which refers to the rate of recession of the water line
of an initially plane beach is briefly outlined in the remainder of this
Bection together with some investigations of similar types of problem such

83 the development of stable beach Blopes on inland reservoirs.




In 1957 Saville (reference 43) reported some large scale tests at virtually
prototype scale in a very large flume, the initial beach slope being 1 in 15,
During one test with comparatively flat waves (Ho/Lo = 0.0069) the beaoh
eroded at an initially rapid rate which then decreased until a constant
value was reached at equilibrium. During this process first one bar, then

a second and a third moved seaward in succession as the beach was eroded,
Similar tests with the sand sige at scales of 1 to 10 and 1 to 15 gave
contrary results in that the beach was built up instead of being eroded.
Appreciable scale effect is thus indicated in attempting to scale such
processes. Further the results of two indentical large scale tests

(H=1.28 mand T = 11 sec) give more or less similar equilibrium profiles.
The suggestion is made that the rate of profile development may be a
function of water tamperature even though the final profile is relatively
unaffected since the amount of fine sand in suspension depends upon the
viscosity which is greater in cdlder water (see also section 3,31).

Small scale tests by Kemp (reference 23) gave the reported result that the
rate of recession of the water line during the development of beach

profiles was initially high but then decreased in proportion to the
logarithm of the time. Tests by Sawaragi and Kawasaki (reference 44) on scour
at sea dikes indicated that this phenomenon depended upon the location

of the dike relative to the break point. Several types of behaviour occurred
which was shown by plotting the data in the dimensionless form with ﬁg

as a function of % where AD is the scour depth, H the deepwater wave height,
¥ the time and T the wave period. The question of the development of
équilibrium profiles on the shores of inland reservoirs appears to have
received considerable attention in Russia (references 25 and 39). Under

Buch conditions the sige of the waves is relatively small but their
stewpness can be quite large. The initial profile slope is generally quite
8teep and profiles develop until sufficient length of surf gone is formed

to completely dissipate the wave energy by the time it reaches the base of
erosion scarp (anslogous to the dune foot). Similar investigations have

been made by the U.S. Bureau of Reclamation (reference 48),

In this latter casg plotes of the dimensionless water line and dune foot

4

Surves of 10gar1thmic form for two different waves. Somewhat similar curves
Yero also found for the dimensionless erosion volume as

Positions = T and E_ as a function of the number of waves 1 gave similar

2
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a function of % « In these latter tests the sand used was comparatively

coarse while the initial slope was very steep (1 to 1,5). More extemsive
investigations of shoreline recession have been made by Iwagaki and Noda
(reference 21) in which the wave characteristics, sediment sise and initial
slope were varled. Results indicated that the parameter~%— was logaritmically
related to 3 up to a certain value after which it became constant as
equilibrium was attained. The relationships were however somewhat irregular,
Considering the equilibrium situation it was found that for a given wave
steepness recession of the water line occurred when the ratio %?6 (dSO is
median sand sise) exceeded a certain value.

For a fairly steen initial slope of 1 in 10 this critical value of gga is

rather variable but tends to decrease as the steepness inoreases. This |

variation of the critical value of Ho, with == HO is nuch smaller when ths |
initial slope is flatter (1 in 30), d;he criterion for the ocourrence of
erosion or acoretion as measured by the displacement of the water line is
also associated with the occurrence of bar or step type profiles and the

1 change in profile form is assumed to be related to a change in the relative
importance of bed load and suspended load movement., The former is to be

associated primarily with small values of 526 and step profiles, the latter
with large values of %?— and bar profiies. hese investignt£;§s also X
observed changes in the characteristics of breaking waves during the

development of profiles and state that erosion will oocur with spilling
breakers and accretion with plunging breakers. Further the breaker crest

angle apparently tends to become constant before the equilibrium profile

is reached. 0

It has been shown by Shinohara,‘fbubaki and Saito (reference 45) that the 4
amount of movement of the shoreline is determined by the relation between

the initial wave steepness corresponding to the original profile and that

of the waves causing the movement.

Since volume V must be volume per unit length in two-dimensional tests,

the parameter L 5 18 not dimensionally correct,

L H
00




2,3, Equilibrium Profiles

While a great many beach profiles have been measured in many different parts
of the world under widely differing conditions, it can be safely said that
in the vast majority of cases virtually no information is known about the
wave conditions causing them. Even when wave information is available there
ig no guafantee that the profile measured is in fact in equilibrium under
the observed wave conditions. Thus most information concerning equilibrium
profiles has been obtained from laboratory experiments. Most of the early
work is summarised by King (referemce 24). From this it is clear that a
distinction must be made between the portion of the profile above the water
line (the dry beach) and that below it, While it is found that both parts

of the profile are affected by the same factors such as sand sige, wave
steepness and the absolute size of the waves axpressed in terms of wave
length, there is an important difference in that the slope of the two
gections of the profile is affected differently by changes in wave steep-
ness, The underwater profile tends to increase in slope with increasing wave
steepness while the beach slope apparently tends to decrease, In both cases
an increase in sand size causes an increase in profile slope which is also
cauged by a reduction in wave length. Some care has to be taken in applying
such trends to prototype sand beaches, both with and without widse surf gones,
as the results of Savilles large scale tests show.(reference 43).

Many authors (referemces 21, 22, 27, 45 and 48) have sxpressed beach profiles
in dimensionless form by dividing both horizontal and vertical ordinates
generally referred to the position and level of the still water line, by

the deep water wave length. Ome such formulae is that of Larras (reference
27) which while based upon laboratory tests has also been found to represent
certain prototype profiles. Since reference is made of the formula in a
later section it is quoted im full below:

oL X \m
L i K(L )
[o] 0

1o which 1 is the distance referred to the still water line,
y is the depth below still water level,

Lyis the deep water wave length,




H

K = 32 + 0,039
[o]

H
1
m = 11.5 = + 0.275 - 0,05
L, §37"p '

Where Ho is the deep water wave height,
d is the mean sand diameter,

p' is the submerged density of the sediment.

This formula indicates that the underwater profile follows the trends
indicated in the preceding paragraph.

Basiocally it appears that the underwater profile may be divided into two
sections, the offshore sone and the surf sone.°

In the offshore gzone the form of the profile appears to be largely determined
by a dynamic equilibrium between the landward transporting current of the
waves at the bed and the influence of gravity tending to move particles
seaward (references 7, 8 and 52)., The more bed load motion predominates the
more this process applies. Thus profiies based upon this concept or
variants of it are gemerally found to agree with prototype coarse material
profilea or small scale model profiles. Onoszko has shown that for the
oquilibrium profile there is a constant relation between the maximum orbital (
velocity and the fall velocity (reference 38). However conditions are
different in the surf zone in that very often there is a tendency to form
one or more bars which disturb the smooth parabolio profile given above,.
Various authorities (references 1§ and 24) have distinguished between

the step profile formed by flat waves and the bar profile formed by steep
waves, The former is generally characteristic of relatively calm conditions
and/or coarse material while the latter usually but not always developsc
after periods of heavy wave motion and is more characteristic of sand
beaches. Ag already noted in section 2.2, Iwagski and Noda (reference 21)
have shown that the occurrence of a aﬁop or a bar profile depends upon the

. Wave steepness o and the parameter 32 indicating the relative size of
*he bottom matergal. 20
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Large values of — indicate that sediment suspension dominates within

the surf zone and Qh&t a8 bar profile will occur. Apart from this it appears
that relatively little is known of the exact nature of the hydraulic
prooesses ooocurring within the surfgone, nor is there as far as we are aware,
any means of definitely predicting the shape of the profile and location

of the bars within the surf zone, apart from the widely recognised fact,

that & bar usually coincides with a break point generally of the plunging
type. Priest (reference 40) has found that changes in the wave height at
oonstant period generally result in profile changes in the horizontal
direction, i.e. wider surf gzone, while changes in the wave period at constant
wave height generally result in profile changes in the vertical direction,
i.e. higher bars and deeper troughs,
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3, Model [gvestigation
3.1, Qutside Model (M 936)
3,1.1¢ General Layout

The model was basically a very simple one as figure 1 indicates.

It was essentially a 20 metre square basin located in one of the model
sites of the laboratory. Four wave machines were placed along one side of
this basin and generated waves which approached the beach and sand dune

at the opposite side of the model in a normal direction. A wave filter was
placed in front of the wave machines to reduce the effect of unnatural re—
flection from the wave machines, while diffraction at the edges of the
model was prevented by side walls of hardboard on timber frame construction.
Originally the basin was a full 20 metres wide but was subsequently (see
section 4.1.3) divided into two parts, one 4.3 metres wide, indicated as
small basin or flume on figure 1 and the other 15.9 metres wide, indicated
as large basin on the same figure.

The bed of the model consisted of dune sand (d.m = 0,22 mm) which was
formed to the required initial profile before each test, In the last test
in the small basin (test T 25) this sand was replaced by finer sand

(dh 2 0,15 mm),

A movable measuring bridge 16 metres long spanned the model, its axis as

8hown in figure 1 being at right angles to the beach and wave machines
Yo facilitate measurement of beach profiles,

dals2, Moasurements

~

The basic measurements made were beach profiles from the crest of the
Wneroded sand dune seaward through the surf sone to a point just in front
°f the wave filter, These were made by ordinary level and staff at 10 cms
1‘t°rvnls up to the 5 metres distance mark™ and 20 cms thereafter along

Sach Profile. The exaot—locntion and number of profiles measured during

Mok test varied to soma extent.

*®

] The datum for distance measurements along the beach profiles was

':::itrary from a hydraulic point of view but was in faot the outer edge of
Measuring bridge track on the beach side of the model.,
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The exact location and number of profiles measured during each test varied\x
to some extent. Details are given in section 4. In all tests in the out-
gide model over 800 different profiles each of about 100 separate levels
were meagsured, while a further 400 profiles were obtained in the wind flume
tests.

The location of the profiles was indicated by a number of plastic lines

with coloured distance marks. They were suspended over the model parallel

to the measuring bridge and, besides indicating the location of profile
meagurement points, were also used to make direct observations of the
positions of the dune foot, water line, break point, etc. Additional obser-
vations were made between profiles using a similar line attached to the
measuring bridge.

Wave heights and reflection coefficients were measured using the laboratory's
own design of temperature compensated parallel resistance wave height

meter, recording the output on a Sanborn penrecorder.

The standard procedure was to measure at 13 points spaced over a distance

of one wave length in the direction of wave propagation and located on the
deeper part of the beach profile near the wave machines (i.e. in most

cases at a depth of roughly 50 oms). From the envelope of these wave re-
oords, the two maxima and the two minima were obtained and each averaged.

The incident wave height was then calculated by taking half the sum of the
average maximum and the average minimum wave height while the reflected

wave was calculated from half their difference. The reflection coefficient
was then gimply the ratio of reflected wave over incident wave expressed

88 a percentage.

On certain occasions horisontal orbital velocities were measured at variocus
Points within the model using a miniature cﬂrren@# meter (micromgiar)

with Bufficiently high frequency response. The output was recorded, generally
with o Corresponding wave height measurement, on a Sanborn recorder and/or
Bagnetic tape to facilitate detailed analysis.

In certain temts the variation of sediment properties was measured at the end
of a test, Size distribution of the surface sand layer was obtained by

BOrmal sieve analysis while the in situ or bulk density was measured using

& ema)l) Open ended brass cube 5 x 5 om in area and 3 cm high which was

&ently Pushed into the wet sand until completely full,




1t was then carefully removed, the upper and lower surfaces cut smooth,
and the contents dried and weighed. Finally control of the water level was
obtained by ocareful adjustment of the inflow and ‘outflow weirs so that a
very small flow into the model balanced leakage from it. The water level
jtgelf was measured by a pointer gauge in a well outside the model basin
and connected to it by a narrow tube and a piezometer outlet behind the

wave machines.

2. Wind Flume Modsl ‘M
3.211: General Layout

In this case a Band beach wae placed at the downwind end of the 4 metre
wide, 100 metre long wind flume where a temporary brick wall was
construoted to retain the back of the sand dune. The sand was formed to the
same initial profile as in the outside model (see section 4.1.) and there
was 15 cme of sand above the flume bottom at the lowest and most ssaward
portion of this profile (16 metres on outside model distance datum). Sea~-
ward of this point the sand aloped at 1 in 20 to the floor of the wind
flume,

Temporary timber walkways were constructed along the side of the flume so
thet access was posasible for levelling the five profiles which were
located at 0.75 metre epacing symmetrically about the centre line, Waves
Were generated both using the mechanical wave paddle (regular waves) and
the wind fan (wind waves) or the two in combination. To prevent possible
d‘“‘8§ to the fan by sand blown from the dune above water level, provision
W¥a8 made to spray the surface of the latter with fine jets of water to
Prevent it being blown away. This was not however always necessary. For
instance in test T 8 with high wind velocity, the wind itself generated

Sufficient spray to maintain the sand dune in a saturated condition,

2.2, Veasurements

l""‘-ﬂ‘emen'l‘.s were basically the same in the wind flume as in the outside
Bodel, However profile measurements were more difficult amd slower in the
34 flune due the restricted headroom and artificial 1ighting.
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Tpus their accuracy is not as good which fact can also be attributed to &
gomewhat lower efficiency of working during the night shifts which were
pecessary in the wind flume work, Observational difficulties also precluded
in most cases the making of detailed visual observations as was done in the
outside model.

The principal difference in the wind flume measurements concermed those
relating to the wave characteristics. For regular waves the same procedure
was used as in the outside model (section 3.1.2.) but obviously.this was
pot applicable for irregular waves. For the latter waves were measured at

a fixed point over a period of at least 500 waves every half hour during
the test. Records were made upon both Sanborn recorder and magnetic tape.
From the former were obtained information concerning the wave height
distribution such as the maximum wave height in the 500 wave sample*, the
heights exoeeded by 15 % and 50 % of the waves together with the ratio

of these two heights and the average wave period, The latter were used to
produce a punched paper tape from which the energy density spectrum was
calculated using the digital computer at the University of Groningen. Use
was algo made of & wave height analyser to obtain rapid information
concerning the wave height distribution. The results were not as consistent
a8 those obtained from the Sanborn recorder nor was it possible to use this
instrument during very high wind velocity both because of spray and vibration,
Ho results based upon the wave height analyser are included in this report,
An analogue root mean square analyser was also used in the wind wave tests
to obtain a rapid evaluation of the roo: mean square wave height which
values generally compared favourably with those caloulated from wave
s8pectra, Finally, water level was measured as in the outside model using a
Piezometer connection. In tests with wind the quantity of water within the
flume was adjusted by trial and error before the test so that the water

level within the surf gone of the model was equal to the required model
lsve)l,

*
The determination of the number of waves was partly subjective in that

YOIy small waves were ignored and only waves of approximately the general

Sverage period were counted, The average period was obtained by dividing

the @ppropriate length of record by the mumber of waves, usually 500,
OWring during this time.
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3,3 Model scales
3.3 1 General Considerations

The question of the correot selection of scales for coastal models inmvolving
sand movement under wave action is a difficult one for which no definite
answer has yet been aobtained. Some progress has been made in this subject
when the beach material is sufficiently large for the effects of viscosity
to be neglected, i.e, shingle beaches with predominate bed load movement
(reférence 51), Similarly the question of model scales under the combined
action of waves and currents has been under study at this laboratory
(reference 2) but the results to date are strictly only applicable to the
offshore zone seaward of the break point where sand movement is predominately
in the form of bed laad. The question of model scales within the surf zone,
or indeed for that matter as noted earlier (section 2.3) the form of
equilibrium profiles and the general hydraulic conditions within this sone,
are all at the time of writing an open question.

From the various works mentioned in sections 2.2 and 2.3 it is possible to
discern some general trends in the form of equilibrium beach profiles under
wave action, For instamce if the empirical equation of Larras (reference 27)

is considered the general trend of a beach profile depends upon the sige

H
of the sand d, the wave steepness = and the absolute size of the waves

expressed in terms of deep water uise length Lo‘ Furthermore this equation
indicates that for a constant value of Lo the slope of the profile increases
&8 the wave steepness increases. The slope of the dry beach is also found

Yo depend upon the same variables (chapter 10 of reference 24) with the
important difference that there is a tendency for the beach slope to decrease
With increasing wave steepness. The effect of a change in wave length L,

OF wave period T is however the same in both cases. For a constant value

of Bteapnaga‘ig y the slope increases as the wave length or absolute sige

of the waves dgcreaaes. Model beaches must therefore be regarded as distorted
®%ale models of their prototype in much the same way as small self formed

°h'“‘°15 in alluvium can be considered as small scale distor%ed models of b
large alluvial rivers.
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The greater the reduction in absolute size of the waves, i.e. the smaller
the model scale, the greater the amount of distortion required to produce
a model which ressembles the prototype in the form of its equilibrium
profile.

In practice some more conditions can be applied which assist in arriving
at suitable model scales. For instance as indicated by the results given
in sections 5.62.1 and 5.62.2 together with those of other investigators,
the breaking of waves is determined to a great extent by either of the two
parameters % and % and the relative depth % or % .
This being so, there is good reason for maintaining, at least to the first
approximation, the same values of these parameters in model and prototype

if this is at all possible, since the hydraulic conditions within the surf
gone are largely the result of the breaking process., In a distorted scale
model this results in the waves being undistorted in shape, i.e. same steep-
ness as in prototype, and in absolute size being scaled in accordance with
the vertical scale so as to give the same values of % in model as in
prototype.

For this to be achieved the scale for wave period must be taken by analogy
with the usual Froude law similarity for distorted river models as the

square root of the vertical scale of the model.

The above considerations are of course approximate since the breaking process
is also affected by the bottom slope which changes once the model is
distorted. In general it can be said (reference 20) that for a given EQ a
wave will break in deeper water on a steep beach than on a flat one,

This suggests that some departure from the scales suggested in the proceeding
paragraph will be necessary in practice. However insufficient information

18 available to check this point and other factors are also relevant. For
instance there appears to be a8 scale effect in the actual breaking process
¥hen the absolute size of the waves is reduced below a certain value
(references 5 and 28), Thus when the wave period is less than about 2,0

8ecs it appears that for a given slope waves of the same steepness break
8arlier, i

+©. in relatively greater depths, than waves of larger period.
Thus Consideration of scale effects due both to the distortion and the

81%0 of the waves indicates that for waves of the same steepness reproduced
%o the vertical scale of the model it is likely that the surf zone is




-17 -

somewhat wider than it should be™,

So far no reference has been made to the influence of sand sise upon the
gelection of model scales. That this is important has already been noted
(section 2.3}) since other investigators have observed that many model

gand beaches exhibit the characteristice of shingle bsaches in prototype.
This was particularly\ the case for the transition conditions between step
and bar typs profile\;i;re basically dependent upon the relative predominance
of bed load and gravitational effects in the first instance and suspended
load and general water circulation in the second. It is therefore quite
possible for a model sand beach with similar sand to the prototype to
produce an equilibrium profile of quite different form from that of its
prototype.

Ap indicated in section 2.3 Iwagaki and Noda (reference 21) have presented
data which indicate that the form of the beach profile depends upon the
ratio E?, y i.e, the deepwater wave height and the median sand size, and
the daggo-watar wave steepness T Considering the first parameter further
it can be shown that it cam be geplaoed by. ;9 where w ia the fall velocity
of the sand particles. In this form it represents the time taken for a sand
partiole to fall a distance equal to the wave height, If this time is
large compared with the wave period, any material stirred up by the
breaking waves is likely to remain is suspension and to move as suspended
load. If it is of the same order of magnitude or less than the wave period,
bed load motion will predominate. Hence it may be deduced that for models
Tequiring similarity of surf sone prooesses on sandy shores under storm

oondit;ons (i.e. suspended load conditions) the following condition must
applyt

H
™ W1

Ina &€lven situation where ET; is too small which can be the case when

°°Wil'l.ti.vely flat waves are reproduced in a small scale model the situation
082 be rectified by reducing the magnitude of the fall velocity w.

* 3
This ig when the surf zone is measured in twrms of a horigzontal distance

%0 the horizontal scale. It is obviously not the case in terms of wave

1. .
$9&ths or number of waves, which have been based upon the vertical scale.

‘/\/

<




- 18 -

This in practice means using a ligher and/or smaller sediment in the model
which may nol always be pracotical.

Alternatively the period of the waves can be reduced to increase their
stespness. In this case the data of Iwagaki and Noda (reference 21)
indic&tﬁ that a bar progile and hence presumably suspended load transport
will always occur when 32 7 0.04. Of course such a distortion in wave
characteristics, while i¥ tends to oompensate for the scale effects due

to incorrect sand movement, introduces other problems particularly with
respect to thres dimensional models in which wave refraction is important,
The above criterion for suspension comditions within the surf zone can be
related to the usual parameter influencing suspended sediment distribution
in & unidirectional flow,'%:, where v, is the shear velocity which is
defined as\zj:g‘where = is the shear stress on the channel bottom and p

o)
the fluid density., This is seen from the following relationships

\ [T b
= —O' = U w
V* e fo} = S
max

where fw is the friction factor due to wave aoction

and Uo is the maximum orbital velocity at the bottom glven by the
max -
following equation:

U - 1 H
°max T sinh 2—%-2
Vi
Whence Z’.‘.’.nH z e L
o u‘I‘sinhz—Lu M
ir D

L and fw do not change significantly.

Applying thig criterion to several of the model tests made during this
4‘7‘“ti€at'on it can be seen from table 3.31-1 below, that in all cases
the Tratio E% was greater than 1 while inspection of the various

'quilibrium profiles presented later on in this report, together with others

not
includeq due to lack of space, reveals that in all cases bar type
fileg Wers formed,
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The location of the bar was however different and it is evident from the
4est profiles (figures 56, 64, 66 and 68) that in tests with relatively
jarge values of T the bar is located further seaward and/or is higher

than those with lower values of this parameter,

TAB -1
Values of parameter T for various model tests
Tegt |Wave height | Wave period| Sand size | Fall velocity*' Ho
number Ho - am T - Bec d5o - mm W~ cm/sec Tw
ﬁ: —t— —
TL4TLT  19.5 1.6 0,22 2.5 2%wei | 4s9
T26' 35 fvfoz\lﬂi(nw--- f;v'fg"' w3l7e
125 19.5 1.6 0,15 1.4 W» 8.7
T24 18.2 1.3 0,22 2.5 5.6
T22 9.8 1.0 0.22 2.5 3.9
T20 10,7 1,6 0422 2.5 2.7
Prototy;;‘450 8,0 0,22 2.5 22,5

No consideration has been given to the question of time scale for the

development of equilibrium profiles. For the suspended load regime within

the surf zone this will obviously depend among other things upon the

absolute value of-%; + When thie is comparatively small as in test T

20 (table 3,31-1) the time to reach equilibrium may be quite long (see

: Section 5.2). When it is large as in test T25, equilibrium is attained
$omewhat more rapidly (see section 5.5). The implication here is that in
.pr°t°type equilibrium may be attained relatively more quickly in terms of

the Dumber of waves % y although not necessarily in absolute time, than in
the nodel -

Fa1) velocities are for water at 60° F (13° C) and are obtained from
Sure 2 jp chapter XII of referemnce 41,

2




outside of the breaker zone it is obvious that the wave action within the
podel must be capable of moving the sediment over the portions of the
p;-ofile where this motion is significant. An indication of whether or not
gand movement will occur in a model under wave action can be obtained from

the experimental data and %Sgraph of Bonnefille and Pernecker (reference V
3) while an estimate of the time scale for bed movement can be obtained

from an empirical equation of Larras (reference 26) which shows that the

bed load transport towards the shore upon a level bottom is a function

of the maximum orbital velocity at the bottom and independent of the

gediment size.

3,32, Scaleg for present Investigation

In the light of the preceding section it can be said that the beach studies
of this report must be regarded as distorted scale models of prototype sandy
beaches, the wave conditions being reproduced approximately in an undis-
torted form to the vertical scale. Scale effect due to incorrect re-
production of the breaking process will be reduced if the model wave period
is of the order of 2 seconds, Sand movement in suspension in the surf sone
will occur if '}T-Iw- > 1. No definite conclusions can be reached concerning
time scale for profile development. An estimate of the linear stales applying
to the test was obtained by comparing the initial starting profile obtained
from preliminary tests at normal water level (N.A.P.) (see section 4.1) with
oortain prototype profiles with a similar bar form measured on the Duich
Ooast. An example of this comparison is shown on figure 2. From a knowledge
of the comparative scales of the two profiles it is deduced that the model
initia) profile schematises the prototype profile when the former is regarded
88 a distorted model with a horszizontal scale of 1 in 125 and a vertical
8Cle of 1 in 25. Assuming a time scale for wave period of 1 in 5 which

1s Congistent with undistorted waves scaled in accordance with the vertical
$%le gng knowing that the model waves which caused this profile had a
Pariog of about 1.6 seconds and a height of 14 oms, equivalent prototype
Valueg of 8 seconds and 3.5 metres are obtained. There is no evidence
'htwer to say that waves of these dimensione did in fact cause the
thYDe profiles shown on figure 2. On the other hand such waves are

ica)l of average storm conditions along the Dutch coast.
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op the basis of these scales the storm surge height used in the tests, 12
om in the model, represents a 3 metre surge in prototype, which is the same
order of magnitude or a little higher than the highest surge whioh occurred
during November-December 1965 which had an exceedance value of 0,09 in any
given year. The model storm surge waves of 18 oms height in 50 cms depth
r,present prototype waves 4.5 metres high in 12,5 metres of water which

is the same order of magnitude as the highest significant wave heights
o'blelr\red offshore at a depth of N.A.,P, -~ 15 metres during the 1965
prototype storm surges (reference 53). It is however impossible to say
mch more than this ooncerning model scales for this investigation., There-
fore no attempt has been made to express the results in terms of prototype
values, and all dimensions in the text and figures refer to model values
unless it is specifically stated to the contrary. Estimates of poesible
prototype values can be obtained by multiplying horisontal distance by
125*, vertical distance by 25, volumes by 3125 and slopes, when expressed
a8 1 in n, by 5. It should however be clearly understood that such factors
are approximate and that they only apply to those tests where the initial
profile does in fact represent the condition described above. This means
that the tests where the wave period was significantly different to

1.6 sece (tests T6 to T8 and T22 to T24) cannot be scaled in thie manner.
Any test results using data from these tests, the most important of which
are those comparing the action of wind waves and regular waves, must be
regarded on a comparative basis only and absolute values may not be scaled
WP using the scales given above, Of course where such data are presented
1‘ dimensionless form, even though the parameter is still expressed in
Bode] dimenaions due to the omision of the gra.vit'ational constant, some
m&liﬂation of the result is possible provided due allowance is made
20r pogsible sgale efiecta.

'm!lly the actual process of collapse of the sand dune is a complex matter
'h‘!.oh Will be affected by scale effects due to capillarity influencing

™8 moisture content and hence the dune stability.

Iuthl case extreme caution must be exercised in scaling all results
w'md with the actual erosion of the dune. In all probability the dune
1%1‘”‘ cannot be reliably scaled in a distorted model since as in other

‘Cag
%8 of local scouring or erosion it is impossible to distort the natural

‘f 8 of a granular material such as sand, Prypes

Exoept wave lengths which should be multiplied by 25.
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4o Model Tests
'Il Outside Model-Large Basin

1 Prelimi eatg for Initial Profile

In view of the fact that it was intended to reproduce dune erosion under
storm surge conditions, it was considered desirable that the initial
starting profile be related to conditions which might exist before a storm
gurge. Such conditions are of course variable but it appeared to be
reasonable to start with a profile approximating that which would be formed
under storm waves without a storm surge, i.e. water level at mean sea level
(N.A.P.). Accordingly the first tests were made with a water level of - 12
cms® and an original profile as shown in figure 3, Several wave height and
period combinations were tried and the development of Meach peofiles
measured. From these preliminary tests it was concluded that a 1,56 second
period wave, 14 cm high, gave an equilibrium profile (figure 3) which
could be taken to represent a typical prototype profile on the assumption
of a scale distortion of 5 as discuseed in section 3,3,

In practice, the initial profile was simplified as shown on figure 3 to
facilitate model rebuilding and each test was preceeded by a period of two
hours of the initial wave conditions which reshaped the profile to some
extent into a more natural form™*, A typical average profile for this
oondition, is shown for comparison on figure 3. In all tests this

ocondition was measured and formed the initial profile with which profile
°hﬂngqs during storm surge conditions were compared.

.*Since virtually all subsequent tests were at the same storm surge level
Which wag 12 cms above normal mean water level, all vertical measurements,

both depth and heights are referred to storm surge level. Horigontal

.diltanoee are measured either with respect to the storm surge water lins on
the adapted initial profile, 1.e. dune foot recession, etc., or to an
.rbitraty reference point lying 2.1 m landward of this point. All profiles
::: Plotted with respect to the latter origin.

This Procedure was followed for all tests where the wave period was 1.56
1.63 Beconds. It was not followed for the tests where the period was

ificantly different from this value, i.e., the wind wave tests (T6 to T8)
theiy corresponding regular wave tests (T22 to T24) as the relation

" the initial condition and the storm surge waves was then quite arbitrary.
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4.12. Initial teste in wide basin

The first series of tests were made in the three dimensional model
baein with a water level 12 omse above normal level as used in the
preliminary tests. The wave period was maintained constant at 1.56
geconds and the wave machine eccentricity was unaltered.

since the water depth was now greater the wvave height produced by
the vave machines was also larger, novw being about 18.0 to 18.5 om.
A similar effect will occur in prototype when the offshore bottom is
relatively shallow due to the change in water depth affecting the
height of the storm waves., However the relationship between the two
vave heights could well be different in the model from that in
prototype. It was however more convenient to operate the model in
this way. The forms of the eand dunes tested are shown in figure 4.
In brief it can be seen tlLat T11 represented an average height dune
vith narrow crest and a shape approximating that of a real sand dune.
T12 represented a condition without any sand dune at all and was
intended to give an indivation of the maximum erosion wvhich oould be
Oxpected, while T13 represented a relatively high sand dune of
indefinite width, The general tests conditions and a summary of the
BeAsurements maae for both this series of tests and all subsequent
OR®s are given in Table 4,12-1,

Por these tests beach profiles were measured on five lines spaced

8 2,5 m and located symmetrioally about the centrelime of the 20 a
¥ide basin. Measurements were made before coammencing operation at
the etorp surge vater level and % y 1, 2, }%. 5%. 8,11 and 14%

80Urs o fter commencement of the test. After 14% hours it appeared
that the sand dune erosion had reached a relatively constant value.

Theaq tests yielded a great deal of genmeral information concerning
*he process of dune erosion,
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5 8121 Summary of test conditions andg Quantities measured
A
A . D;:e ggne Type of |wave Height(50cm)-cm Deepwater Wave Sand Water | uration of | Beach Profiles wave Height ; wave Spectra W. heigh
o Height-cm ope Waves Hincident H15 Hrms Wave Height Perjod-sec Size-mm | level | Test-hours No. of |No. of Reflection [Inshore|Offshore Inshore 0'
profiles|Times
e =
wind 3 |Regular Con-
Epas 40 1 to 1e|Heguls 17.9 = = 19,5 1.63 0.22 | 2o%= [ 2 4 49 5 10 | Every % houy L . g
__'l " n " " 18 . 0 = ) 1 9 . 5 1" " n " 1"t L " " 1] = -
_. " " " I;::g‘;lar . 16.5/( 8.8 0. " " " " " " . = " - 9 _ %
2_ " " " " = 1 7 - 7 9 . 8 . " 11" " " " S ) - = 9 .
; . . Regular - . 1
3 " ' ' Waves 10c - 14. 0 21 o2 " " " 25 - . Every % hour |2 4 iy
4 " 1] " " 16.2 - 10, 4 17.6 " " " 2 + 19 5 10 " " " =4 9 -
" " " Wind - 20 - 1 2 " " 1 1
5 Waves 5 o1 2y - | = A= o 3 - T qla
6 (1] 1" " " - 19.0 904 - 1.11 " " 19 5 10 L a = 5 9 gvery 12
_ﬂ " " " " - 13, 4 6.7 - 1,00 " " " " " - - - 9 9 3 ;’
&8 ] " " " i 21.0111 . 2 . 1, 29 " n " " " . - - 8 8 "
Original Regular 1
711 Basin Outs. 24 1 to 3 Waves 18 - - 19,7 1,56 0.22 i 2 + 145 5 9 Occasionally - - -
] T12 " 1 5 1 tO 1 (0] " " - e (] ] " " 1] " (] " - Py —
-11'1 5 (1] 53 tO 1 tO 2 " " . - 1] " (1] 1] (1] n " " - - —
40
Large ba- Regular
£ T14 sin Qut- 40 1 to 12 e 18 - - 19.7 1.56 0,22 i 2 + 19 7 10 Occasionally - - -
g8ide
T15 " 50 " " " - = " ] " n " 7 " " o - -
™6 " 20 " " 18.0 L - " " " " " 9 " " - = =
vl E 10 2 " 18,3 - - 20,0 . i " i 10 " Approx.every 2 - - -
» [Small b Regul Haios
| a- egular
\ T18 sin Out- 40 1 to 1% Wi 16.3 - - 17.8 1.56 0.22 3 2 + 19 5 2 Occasignally - - =
[ 2 every = hour
T19 1 " " " 14,1 ! - 15.4 " " " ] " 9 Every .2_ hour - = -
: T20 " 1" " " 9 -8 . N 1 Oo 7 " n " 2 + 26.;_ 1 5 " " " e R o
|
T2 ¢ 18-4 H.w1 2001 H.w. 1 1
I. T2,1 " " 1" ' 17.3 Low, = = 18.9 L.w. " " + 25 2 + 195 " 5 # " " = - =
2 " " " " 9. 3 | 6. 6 9,8 1.04 " Cone 19 " 3 " t " - s -
T23 " " n " 12.5 - 8.9 13,4 1.16 " et'a"nt 19 " 3 " " 0] - - -
T24 g J " " 16,7 - [10.9 18.2 1,29 " [ " " 10 L - 2 -