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SYNOPSIS
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Cross-shore sediment transport is an important phenomenon in coastal engineering,
which mainly accounts for the short-term changes in the coastline. To study on- and offshore
transport the evolution of the beach profile is considered.

For investigation of the beach profile small-scale physical models are often used. A
problem in using a physical model is the introduetion of scale-effects resulting from the
impossibility of sealing all parameters correctly. Many researchers therefore derived sealing
laws which determine the relationship between the model scale and the seale of the other
parameters. A literature review revealed that many of them give contradictionary results.

A different problem in using physical models is that for small-scale models the
required model grain diameter of the sediment becomes too small, which would introduce
cohesive forces in the sediment. For this reason light-weight material is sometim~s used as
the beach material. However there are still doubts about the validity of the use of light-weight
material.

I
I
I
I In order to study the behaviour of light-weight material in physical models,

experiments were performed using random waves in the large wave tank of the Hydraulics
Laboratory. Both sand and anthracite were used as the model materials.

Although all the resulting beach profiles showed accretive conditions, characterized
by the development of a berm at the beach and the deepening of a step in the breaker zone,
differences between the profiles in the anthracite and sand models were very large.

Beach profiles were analyzed using different methods. The eigenfunction analysis
turned out to be helpful only for the analysis of field data. In the other methods the relation
between the characteristic features of the profile and the parameter H/wT was investigated.
This parameter is assumed to be a criterion to differentiate between on- and offshore transport
and represents the wave conditions and sediment characteristics for the evolution of the beach
profile, In general the relation was rather poor and there is clearly a need for further
theoretical and model studies.
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B [ni] Temporal correlation matrix.

,I b [-] Empirical parameter.

b.. [ni] Element of temporal correlation matrix.

I
IJ

C [-] Criterion number for the type of beach profile.

I
CD [-] Drag coefficient.

C [mis] Wave celerity.

I
Cg [mIs] Group celerity of the waves.

D [m] Grain diameter of the sediment.

Dl [m] Largest diameter of a particle.

I D2 [m] Intermediate diameter of a particle.

D3 [ml Smallest diameter of a particle.

I DlO [m] 10% undersize of the sediment diameter.

I
D50 [ml Mean diameter of the sediment.

D90 [m] 90% undersize of the sediment diameter.

I
d [m] Water depth.

E [NIs] Energy flux of the waves.

,I e" [-] Eigenvector or eigenfunction.

elJ: [-] Eigenvector corresponding to the largest eigenvalue.

I f [Hz] Frequency of the waves.

g [mli] Gravity acceleration.

I H [m] Wave height.

Ho [ml Deep water wave height.

I Hb [m] Breaker height.

I



I
I
I

Hs [m] Significant wave height.

h [m] Depth of the beach profile.
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Evolution of beach proftles under random waves.

Introduction.

I
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Sediment transport in the coastal zone is of great interest in engineering practice. In
the design of coastal structures it is important to know how much material is moved and in
what direction. The same can be said for the management of an eroding beach.

Sediment transport is usually divided into two components: Alongshore transport and
on-offshore transport. The former is accepted to account for the long-term changes of the
coastline, while on-offshore transport is mainly influenced by the short-term events, although
the two components obviously interact. These short-term events include erosion of the beach
and the foreshore in storms with high and steep waves and the building up afterwards during
periods of fairer weather and corresponding less steep waves.

I
I

The oscillatory motion due to the waves is the main factor in generating sediment
transport. Relationships between wave conditions and the resulting sediment transport however
are very difficult to establish. For the longshore component some theoretical and empirical
formulae have been derived, although the magnitude of the sediment transport they predict
may vary considerably.

The behaviour of on-offshore transport is even less weU understood. This is aresult
of the large number of nearshore hydrodynamic processes involved, like wave breaking, mass
transport, undertow, wave set-up and set-down and up- and downrush.

Formulae to predict the magnitude of on-offshore transport therefore do not exist.
Research has been rather concentrated on the description of the beach profile which develops
when subjected to certain wave conditions. Especially the equilibrium beach profile is an
important characteristic. This is the profile which dissipates or reflects all the wave energy
reaching it in such a way that no net sediment transport occurs anywhere along the profile.

In nature the equilibrium profile may never be achieved due to ever changing wave
conditions and water level. Still, the investigation of this profile is important as it can give
an indication of the amount of sand needed in artificial beach nourishment or of the
performance of coastal defence structures.

'I
I

I
I
I
I
I

To study the on-offshore transport and enhance the knowledge about the resulting
beach profile, of ten physical models are used.

Data coUection in a model is much easier and less expensive than in field studies. Also
interpretation of field data can be more difficult due to too many variables in nature. In a
physical model there is no need for simplifying assumptions or omitting any unknowns, as
usually is seen in analytical or numerical models in order to solve the equations.

10
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Evolution of beach proftles onder random waves.

A major drawback of a physical model however is the introduetion of scale-effects.
These scale-effects are due 'to the smaller size of the model and the resulting changes in
relative importance of various forces. The scale-effects must be weB understood in order to
make a representative model of the complex reality.

I
I
I
I
I
I
I
I
I
I
I
I
I
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The most difficult parameter to scale down in a physical model, is tbe grain diameter
of the sediment. This is a result of the cohesive effects of small sediment partic1es. To avoid
the use of very small sediment particles, light-weight material is sometimes used in the model.
There remains however a lot of uncertainty about the validity of using light-weight material
in coastal movable-bed models.

In tbis project experiments were perfonned 10 study the evolution of beach profiles
under random waves. As a model material both sand and anthracite were used in order to
investigate the behaviour of light-weight material.

First a literature survey was perfonned on the different descriptions of equilibrium
beaeh profiles, which were derived from field or laboratory studies. Also a review is
presented about the different sealing laws, derived to establish the relation between the model
seale and the scale of the parameters involved in sediment transport (chapter 2).

In ehapter 3 the experiments perfonned in this project are described. The results of
these experiments and the analysis of the data from the recorded beach profiles are diseussed
in chapter 4.

Chapter 5 presents the conclusions and recommendations, whieh arise from this
project.

11
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Figure 2.1 Definition sketch of bar (A) and step (B) profiles.
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Evolution of beach profiles under random waves.

2 Literature survey.

I 2.1 Equilibrium beach profiles.

I
I
I

Beach profile evolution is directly related to the on-offshore sediment transport.
Increase of the sediment transport causes erosion, while accretion takes place if the sediment
transport becomes smaller. The magnitude of the sediment transport depends on the wave
conditions.

A lot of research has been done to derive a relation between wave conditions and
resulting beach profile. Most of this work has been concentrated on the description of the type
of profile that developed. In addition some researchers have described the shape of the beach
profile.

To make a distinction between erosive and accretive profiles, different criteria have
been derived, containing wave and/or sediment characteristics. In the case of describing the
shape of the profile an equation is established, giving the depth as function of distance
offshore and wave and/or sediment characteristics.

,I
I
I
I
I
I
I
I
I
I
I
I

2.1.1 Tbe type of profile.

The type of profile is usually described in terms of a criterion which divides the
profiles into erosive and accretive ones. This criterion depends on different variables
corresponding to the wave and sediment characteristics.

2.1.1.1 Criteria based on wave height, wave length and grain diameter.

In the early stage two different equilibrium profiles were recognized: The "bar"
(erosive, storm or winter) profile and the "step" (accretive, swell or summer) profile. The bar
profile develops during storms, when high-energy waves erode the beach and the foreshore.
The sediment removed is deposited beyond the breaker zone as a longshore bar. The step
profile develops during periods with low-energy waves. These waves bring the sediment up
the beach and the longshore bar is eroded creating a step offshore (see figure 2.1). The
criterion for the development of one of these types of profiles depends on the wave height,
the wavelength and the grain diameter.

12
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Evolution of beach profiles under random waves.

Waters ('39) found a critical wave steepness, HalLo of 0.02 to 0.03. Smaller values
of the wave steepness result in step profiles, while larger values than the critical one give bar
profiles.

Johnson ('49) found that if the steepness is less than 0.025 a step profile will develop,
while a bar profile is formed if HoILo is greater than 0.03.

Iwagaki & Noda ('62) included the grain size of the sediment into the criterion for
profile type. They found that for:

and for
HalDso < 300
HalDso > 1000

the critical steepness is 0.025
. the critical steepness is 0.01.

Nayak ('70) included the specific gravity into the criterion for bar or step profiles. The
four criteria, all derived from laboratory experiments are shown in figure 2.2 (modified from
Sunamura & Horikawa ('74»).

2.1.1.2 Criteria based on the fall velocity of the sediment.

Dean ('73) found that the fall velocity is an important parameter in the criterion
between erosive and accretive shores. The idea is that during the passage of a wave the sand
.grain is suspended to a height S = ~H. If the fall time t = Slw is smaller than half the wave
period than the grain is transported onshore. Coarser grains therefore move onshore, while
smaller sediment particles move seaward. The criterion found by Dean therefore becomes:

H/wT = C

If C is greater than 0.85 the sediment transport is offshore and if C is less than 0.85 the
sediment transport is onshore.

The Shore Proteetion Manual ('84) recommends for the constant C a value of 1.0
rather than 0.85 for both laboratory and field data.

Kriebel, Dally & Dean ('86) evaluated Dean 's criterion in a set of laboratory
experiments and found an even higher value for C, of 2 to 25. They also raised doubts about
the general validity for the recovery case.

13
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Evolution ofbeach profiles underrandom waves.

I

Allen ('85) evaluated the criterion of HlwT = 1.0He showed that, for the 111 profiles
considered, this criterion predicted 98% of the erosional beaches correctly, but only 45% of
the accretive beaches. This agrees with the observations of Naim ('90), who concluded that
only 20 of the 30 tests he perfonned (numerically) were predicted correctly by Dean's
criterion.

I
I
,I
'I
I
I
I

2.1.1.3 The influence of the initial slope.

Van Hijum ('74) investigated the equilibrium profiles of coarse material in small scale
experiments. He only considered bed-Ioad transport, because of the scale-effects (see later).
Van Hijum identified two profiles: a step and a bar profile. The criterion for bar formation
was found to be:

- 2.5

Where Ho is the deep water wave height, Lo is the deep water wave length and D is
the sediment diameter. The subscript 90 means that 90% of the sediment (by weight) has a
diameter smaller than D9Q. ö1 is a scale factor which is equal to 1 if D9Q is larger than 6.0 mm
and equal to (D~0.OO6)1h if D9Q is smaller than 6.0 mmo The criterion is shown in figure 2.3.

Van Hijum conc1uded from bis measurements that the profile is independent on the
initial slope.

I
I
I
I
I
I
I
I

Sunamura & Horikawa ('74) considered the initial slope of the model beach to be
an important parameter for the development of equilibrium profiles. They found three
different types of profiles (see figure 2.4):

1) Shoreline retrogression and sand accumulation offshore.
2) Shoreline advancement and piling up of sand offshore.
3) Shoreline progression but no sand deposition offshore.

The criterion for the development of the profiles depends on the wave steepness
(Ho/Lo), the initial slope (tan 13) and the ratio of the grain size over the wavelength (D1Lo):

Ho/Lo - ctanl3-0•27 * (DI Lo) 0.67

14
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Evolution ofbeach profiles under random waves.

If the constant, Cis greater than 4 the profile is erosional and if Cis less than 8 the
profile is accretional.

I
'I

Kriebel, Dally and Dean ('86) also found that the equilibrium profile depends on the
initial profile, They concluded that for very steep profiles an equilibrium profile is not
achieved unless the tests are run for a very long time.

Gourlay ('80) however, found that only very flat initial slopes affect the equilibrium
profile, The reason for this is that some of the energy of the steep waves will he dissipated
outside the surf zone, resulting in a different equilibrium profile than for steeper initial slopes.

I
I
I
I
I
I

Dean ('91) published a paper in which he distinguished five profile types (see figure
2.5). Development of the equilibrium profile depends on the wave and sediment
characteristics and the initial profile of the model beach. For type 1 the initial slope is much
steeper than the equilibrium slope, causing only seaward sediment transport. While for type
5 the initial slope is much flatter, resulting in only landward sediment transport. Depending
on the dimensionless depth at the seaward limit of motion (h: = h./(mj*W.) and the
dimensionless berm height (B' = B/(mj*W.) the type of profile which is formed can be found
from figure 2.6. Here h, is the breaking depth, which is equal to 1.28 times the breaker
height, Hb, m, is the initial slope, W. is the seaward limit of active motion and Bis the berm
height. Figure 2.6 also gives values for the non-dimensional shoreline advancement, Il.y',
which is equal to Il.y/W., where Il.y is the advancement of the shoreline.

I
I
I
I
,I
I

Suh & Dalrymple ('88) derived an expression for the shoreline advancement.
This expression reads:

i:J.v' - 1 (~h' - 1)
2 5 •

Laboratory experiments showed good results for this relationship. However it was difficult
to predict h./W., which can he interpreted as the equilibrium slope, me. It was assumed that
the equilibrium slope is dependent of the dimensionless fall velocity parameter (H/wT) and
therefore the shoreline advancement was expressed as a function of this parameter. The result
is:

1i:J.y' H -
- a+bm(~)2

h ' ' wT•

15
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Evolution ofbeach profiles under random waves.

The values of the parameters a and b are derived empirically:
a = 1.02
b = -20.78

2.1.1.4 Criterion based on balancing powers.

I
Hattori & Kawamata ('80) based their criterion between accretive and erosive

beaches on the following physical consideration: The net sediment transport attains a state of
equilibrium if the power expended through the gravity force in suspending sand grains is
balanced by the power due to the uplifting force, arising from the turbulence generated by
breaking waves. From the laboratory experiments they found three different types of profile.
An accretive, an erosional and an intermediate profile, characterised by a bar at the breaking
position and sediment transport in both on- and offshore direction (see figure 2.7). The
criterion to distinguish these profiles is:

I
I
I

H_~o_ tanp - 0.5
w(d~*T

I
I

The parameter T represents the wave period and w(d50) is the fall velocity of a partiele
with a diameter equal to the mean diameter of the sediment. Although there is a mixed region
for values of C between 0.3 and 0.7, in general the type of profile is accretive for C < 0.5
.and erosive for C > 05.

~I
I
I
I
I
I
I
I

2.1.1.5 The intluence of random waves.

Most of the research on equilibrium profiles has been done using regular waves in the
model. To be able to use these results in reality it is important to know how the randomness
of the waves influences the equilibrium profile.

Nishi, Sato & Nakamura ('90) used two different concepts to investigate the
difference between laboratory beach profiles due to regular and due to random waves.

16
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Evolution ofbeach profiles under random waves.

The first concept is that of same energy flux, which means the significant wave height
is chosen such that the energy flux for the random waves is equal to the energy flux from the
regular waves. The energy flux is equal to:

I
I
I

,I
I
I
I

Where E is the energy flux, p is the density of water, g is the gravity acceleration, H
is the wave height and Cg is the group velocity of the waves. Nishi et al found that this
concept does not result in an equivalent topography or equivalent beach profiles.

The second concept is that of same representative wave heights. They investigated the
topography assuming the regular wave height to be equal to the significant wave height, then
to the mean wave height and then to the average wave height of the highest 10% of the waves
(HJlJO). None of these choices gave equivalent topographies for regular and random waves.

In general the random waves gave smoother profiles. The onshore beach profile
changes were quite large in the case of random waves due to the presence of many large
swash waves, although the shoreline changes were smaller. The position of a longshore bar
was farther offshore and the berm height was higher. The reason for this is the higher
probability of large wave run-up in random waves.

Mimura, Otsuka & Watanabe ('86) also considered beach transformation due to
random waves. They investigated different important processes and tried to find a
.representative wave height in terms of the significant or the mean wave height. The
experiments were performed at model scale.

The first process they considered is the macroscopie beach profile change. As a
criterion for erosive or accretive beaches they used the criterion of Sunamura & Horikawa
('74) (see section 2.1.1.3). The best similarity with regular waves was found if the mean wave
height was used as the representative wave height, although the progress of beach
transformation was considerably slower for random waves. They found that if the crlterion
number, C, is larger than 35 the profile is erosional and if C is smaller than 9 the profile is
accretional (see figure 2.8).

For the threshold of sand movement the significant wave height gave a better
agreement than the mean wave height. This is because the smaller wave heights do not cause
any motion at the bottom. As aresult the sand grains are not transported by the smaller
waves.

I
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The characteristics of ripples were supposed to play an important role in the sediment
transport. The relationship between ripple length and orbital diameter showed the best
agreement between random and regular waves if the significant wave height was chosen as
the representative wave height.

Finally, for the cross-shore sediment transport rate the mean and the significant wave
heights gave similar results and no representative wave height could he specified.

2.1.2 The sbape of profile.

I
In addition to the studies which describe the type of profile, some researchers have

investigated the shape of the profile.

I
I

2.1.2.1 The "h = Ay'"" model.

I
I

Bruun ('54) was the first who related the depth of the profile to the distance offshore ..
He analyzed beach profiles along the Danish North Sea Coast and Mission Bay, Califomia.
From these data he found that the equilibrium profile can he described by:

where h is the depth below Mean Water Level, y the distance from the shoreline and
A a parameter depending on the sediment characteristics. A defmition sketch of this profile
is shown in figure 2.9.

Dean ('77) based the relation for the equilibrium profile on the physical consideration
of uniform energy dissipation per unit volume of water and found the same expression as
Bruun. Analysis of 502 beach profiles in the field resulted in the best fit for m of 0.67.
Although the theoretical assumption only holds for the dissipative surf zone, Dean also
includes a description of the nearshore zones.

The parameter A has been evaluated by Moore ('82), who found that A is proportional
to D~.Using the fall velocity as a representation of the sediment size Dean ('91) showed that
this results in:

I
I
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Evolution ofbeach profiles under random waves.

A - 0.067 wO.44

where w is the fall velocity of the sediment. This relation is shown in figure 2.10.

Based on an extensive laboratory study on dune erosion which included full scale
experiments in the large wave tank of the Delft Hydraulics Laboratory, Vellinga ('84) found
that the profile can be described by:

h - 0.080 y 0.78

After including the wave conditions in terms of steepness and the sediment characteristics a
more general relationship was found:

H 0.17
h - 0.70 *(____!) * wO.44 * ,0.71

La

The variables are defined as before. The relation between the parameter A and the
grain diameter for this profile is presented in figure 2.11.

I Boon & Green ('88) evaluated the relationship found by Bruun and Dean for beach profiles
along the Caribbean Sea. They concluded that the relationship h = Ay'" is quite successful,
although they found a value for m of 0.55 rather than 0.67. This could be caused by the
different conditions in the Caribbean, which usually experiences fair weather waves of low
energy and low steepness, while the tidal range is very small.

I
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2.1.2.2 The beach slope as a representation of the beach profile.

Sunamura ('84) derived relations for the beach-face slope as a representation of the
equilibrium profile. He found different expressions for laboratory and field data. These
relationships read:
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A 0.12tan ... - ----

~

They are derived for laboratory and field data respectively. T is the wave period, H" is the
breaker height, D is the sediment diameter, g is the gravity acceleration and tanJ3 is the
beach-face slope.

Boon & Green used the parameter A to represent the beach slope by substituting h ~
1.0 m into the equation h = Ay'". This gives tanJ3l = All,". Comparison of the field data with
the relationships derived by Sunamura gave the best agreement if All," was used as the beach
slope. They concluded that the beach profiles could be satisfactory described by h = Ay'" with
m = 055. The parameter A can be found from:

1
Am _

I
I
J
I

2.1.3 Summary.

In section 2.1 equilibrium beach proftles are discussed. A distinction is made between
the type of the profile and the shape of the profile.

I
I
I

The two types of profile are a "bar" or erosive profile and a "step" or accretive profile.
Criteria are presented which determine the type of profile, expected to develop, depending on
the wave conditions and the sediment characteristics.

The most well-known criterion is Dean's number or the dimensionless fall velocity
parameter, HlwT. Either a "bar" or a "step" profile is developed if the value of HlwT is larger,
respectively smaller than the critical one. The magnitude of the critical value is uncertain and
varies between 0.85 and 25 according to different researchers.
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Evolution of beach profiles under random waves.

Other criteria include the wave steepness, the grain diameter, related to the wave
height or the wave length and the beach slope. It remains unclear if the type of profile,
observed in laboratory experiments, is affected by the initial slope.

Only little research has been done on beach profile evolution due to random waves.
In general beach profiles under random waves are smoother and the evolution time is longer,
than in the case of regular waves.

In addition to the type of profile, descriptions of the shape of profile have been
studied.

A well-known description of the shape of the equilibrium beach profile, mainly based
on field data is: h = A Y (213), where h is the depth of the profile, y is the distance offshore and
A is a parameter characterizing the sediment. This relationship shows reasonable agreement
with beach profiles in the field. However, agreement with profiles observed in laboratory
experiments is less satisfying. The disadvantage of this model is the exclusion of wave
conditions for the description of the profile.

An altemative way of describing the profile is by using the beach slope as a
representation of the shape of the profile. In this case sediment characteristics as well as wave
conditions are used to describe the profile.

2.2 Sealing laws.

Physical models play an important role in both research and practical cases related to
onshore and offshore sediment transport and the resulting beach profiles. In order to build a
representative model all the important parameters involved in sediment transport should be
scaled down correctly. This however is not possible as can be shown in the following way:

Sediment transport can he described as a function of various dimensionless parameters

u.D u.2 P.r I u H
IIQ, - cp(--,--,-,-,--,--)

V y'gD P d lid wT

I
I
I
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I
Where ~s is the dimensionless sediment transport rate, u. is the critical velocity of

sediment motion, D is the sediment diameter, v is the viscosity of water, p is the density of
water, p, is the density of the sediment, i = (Ps - p) lp, g is the gravity acceleration, u is
the horizontal velocity, dis the water depth, I is a horizontallength, H is the wave height, T
is the wave period and w is the fall velocity of the sediment. The fall velocity depends among
other parameters on the shape factor of the particles. This is a factor which represents the
degree of partiele angularity.

Correct modelling of the sediment transport requires the same value of these
dimensionless parameters in model and prototype. The problem now is that not all the
variables can be scaled down. It is impossible to scale gravity. Also the fluid properties are
not to seale if water is used in the model. The density, viscosity and surface tension of the
fluid are therefore the same in model and prototype. As an example it can be shown that this
leads to contradicting requirements for the size of the grain diameter in the model.
Preservation of pip requires the use of the same material in the model. This means that the
scale of the submerged weight (Ys) is equal to 1. Substitution into the expression for the
densimetric Froude number this gives:

I
I
I
'I,
I
I
à
I,
"I
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Where n, is the ratio of the prototype value of the parameter i to the model value. Because
the scale of the viscosity is equal to one, preservation of the Reynolds number gives:

Another problem with physical models is that the sealing of the grain diameter can
change the properties of the sediment. If the diameter becomes too small the sediment
becomes cohesive.

For these reasons many researchers have derived sealing laws such that the profiles
in the model are similar to those in the prototype. Some of the model laws are purely
empirieal, others are derived from a more analytical point of view, requiring sirnilitude of
important parameters in model and prototype.

I
I
I
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Evolution of beach profiles under random waves.

2.2.1 Empirical model laws,

Noda ('72) derived different sealing laws by considering seven basic conditions of
similitude for the physical processes involved in sediment transport. Because Noda considered
equilibrium beach profiles, the time scale of beach evolution is not taken into account. To
evaluate these laws, Noda conducted experiments, using the same sand size in the model as
in the prototype. The experiments however show no geometrie similarity and Noda concluded
that sealing laws are impossible for the same sand in model and prototype.

He derived a model law directly from experimental data, using 14 different materials
and 22 different grain sizes. The relationships between the horizontal and vertical scale and
the scale of material size and density are as follows:

n D n I 1.85 _ ~ 0.55
Y

Where A. is the horizontal and Jl the vertical scale. n, is the scale of the parameter i, which is
equal to the ratio of the prototype value of the parameter i over the model value. D is the
sediment diameter and"( = (PI - p)/p, where PI is the density of the sediment and P is the
density of water. This model law is presented graphically in figure 2.12.

Noda recommended the use of sand, as it is inexpensive and has the correct shape
factor. To avoid cohesive effects the minimum possible size is 0.1 mmo As a re sult it may be
necessary to use light-weight material. The specific weight of this material should be larger
than 13. Below this value the material characteristics cause dampening of the wave heights.

Although Noda found good agreement between prototype and model profiles Collins
& Chestnut ('75) carried out wave tank studies to evaluate these relationships and concluded
that the modellaw failed the verification test in that the shape of offshore and inshore zones
was not reproduced and the movement of the shoreline was not correctly predicted. The slope
of the foreshore was correctly predicted in three of the four runs. Hallermeier ('85) also
considered Noda's sealing laws and suggested that discrepancies may result from the fact that
Noda only considered shore-accretive situations. Besides, the experiments used as "prototype"
are small-scale laboratory tests with the vertical scale being only 1:4.
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Evolution ofbeach profiles onder random waves.

Another empirieal model law was derived by Vellinga ('82). He used experiments of
dune erosion during storm events, conducted by Van de Graaff ('77). These experiments
consisted of series of two-dimensional tests with vertical scales of 1:150, 1:84, 1:47 and 1:26
and two different types of sand. From these scale series Vellinga found the following
relations:

n, - ~

Where A. is the horizontal scale, # is the vertical scale, n, is the time seale and n; is
the scale of the fall velocity of the sediment particle. The time is scaled according to Froude' s
criterion: The Froude number in the model must he equal to the Froude number in the
prototype.

The sealing laws derived by Vellinga preserve the wave steepness (HalLo) and the
dimensionless fall velocity parameter (H/wT), introduced by Dean ('73). Both parameters are
considered important in the development of beach-profiles.

The gap in the scale series between # = 26 and # = 1 was considered to he still quite
large and scale-effects could he present. Therefore Vellinga performed experiments with
smaller sand. Because of the preservation of (H/wT) this is equivalent to experiments with
higher waves (Vellinga '78).

At this time it became possible to perform experiments at a large seale in the large
wave flume of the Delft Hydraulics Laboratory. Erosion quantities from tests with # = 5
confmned the relationships found earlier, although erosion profiles for models with the same
sediment were not fully satisfactory. A better agreement was found if finer sand was used in
the model which agrees with the observations from Noda.

2.2.2 Analytical model laws.

The modellaws described so far were all purely empirical. Many modellaws, though,
are derived analytically, based on physical considerations. These sealing laws are discussed
in the next sections.

24
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2.2.2.1 Linear sealing.

Van Hijum ('74) eonsidered the seale effeets for the development of equilibrium
profiles of eoarse material. To investigate these Van Hijum used linear sealing of sediment
and a time seale modelled aeeording to Froude. Because Van Hijum stated that it is only
pos sible to seale down the meehanism of bed load, preservation of the Shields parameter is
required. He eonsidered the assumption of only bed-load transport reasonable for gravel. The
modellaw based on these requirements is:

n z - 1(_'1'_)
y'gD

I
I
I
'I'
I

If the first relation is substituted into the seeond one, the latter becomes:

n I - 1y

The same material must thus be used in prototype and model. Experiments show that
models sealed down aeeording to these relations respond to seale if D9Q is greater than 6.0
mmo The only variabie not effeeted by the sealing is the height of wave run-up above still
water level. From this observation Van Hijum eoncluded that seale-effeets are restrieted to
the transport meehanism and do not play a role in porosity or roughness.

,_ 2.2.2.2 Preserving the dimensionless fall velocity parameter.

I
I·

As mentioned before the dimensionless fall velocity HlwT is supposed to be an
important parameter for the development of beaeh profiles. Dalrymple & Thompson ('76)
were among the fust who derived sealing laws requiring preservation of this parameter. These
seven model laws are summarized in tab Ie 2.1.

Experiments eondueted by Dalrymple & Thompson used the same sediment as in the
prototype (nD = 1). This restriets the verifieation to modellaws #3, #5, #6 and #7. Despite
the very zmall sealing used (JI. = 2) the differenees are large. The best results gave sealing law
#7.
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Evolution of beach profiles onder random waves.

Three of the seven proposed sealing laws were not tested, but Dalrymple & Thompson
expected that modellaw #1 (see table 2.1) will give the best results, as this one includes the
most important assumptions.

For a representative model they recommended geometrie similarity, preservation of
wave steepness and dimensionless fall velocity and use of same material in the model as in
the prototype to avoid alien effects of light-weight material.

Table 2.1 Summary of model laws derived by Dalrymple & Thompson.

Law Dy nDSO nT À Note

#1 1 pO.25 pO.s p Preserves Froude number, Ho. r.geometrie similarity,
Stokes fall velocity

#2 p1.S p'o.s po.s p Preserves bed panicle Reynolds number, densimetrie Froude

number,~

#3 1 1 p pU Assurnes laminar boundary layer. Preserves bed shear stress,
Froude number.

#4 p.o.l87S pO.063 p1.0625 p1.S625 Assurnes rurbulent boundary layer.

#5 1 1 p pU Preserves Froude number.

#6 1 1 p p2 Preserves bed partiele Reynolds number, bed shear stress.

#7 1 1 p p Preserves geometrie similarity, ~

Noda ('78) also found that models scaled down preserving (H/wn gave better
similarity than linear sealing.

He considered the dimensionless depth of equilibrium profiles (hlLo) to be a function
of the following dimensionless parameters:

where I is the horizontal distanee, Ho is the deep water wave height, Lo is the deep
water wave length, D is the sediment diameter, g is the gravity acceleration, y is the viscosity
of water, Ps is the density of the sediment, p is the density of water and tan~ is the beach
slope.
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Evolution ofbeach profiles under random waves,

Preservation of these parameters is impossible, because this requires:

and

Negleeting the viseosity gives a linear sealing law, whieh does not inelude a time
seale, beeause only equilibrium profiles are eonsidered. The relations required are:

ntlnP - 1

n - np. p

Experiments sealed down aeeording to this law showed eonsiderable differenee
between model and prototype.

Noda showed that the dimensionless fall velocity (7twlgT) is a funetion of HalLo, HalD,
D*';(g*HoJ/v and (Ps-pJ/p. Therefore rather than preserving dimensionless viseosity and grain
.diameter the dimensionless fall velocity should be preserved. This gives an undistorted Froude
model:

Experiments showed indeed a closer similarity for this sealing law.

Noda also studied the influenee of the model sediment size and found a relation
between the seale of the wave height (nHO) and the seale of the mean diameter (nmo)' This
relation is shown in figure 2.13.
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Evolution of beach profiles onder random waves.

To enhance the knowledge of the processes involved Dean ('85) also recommended
the most direct approach of undistorted models with sediment particles scaled according to
Froude, which preserves the fall velocity parameter, rather than the use of empirical model
laws. The model should be sufficiently large that viscous and surface tension effects are
negligible. Dean found a high degree of consistency between model and prototype for the
incidence of storm bar formation.

The recommendations given by Dean ('85) were verified by Kriebel, Dally & Dean
('86) and Hughes & Fowler ('90). Kriebel et al performed 4 types of laboratory experiments:

* Comparison of equilibrium profiles with a linear initial slope
Comparison of equilibrium profiles with a concave initial slope,
corresponding to h = A/213)
Evaluation of the criterion for bar formation
Evaluation of storm bar behaviour under recovery conditions.

*

*
*

They compared their experiments with large scale data from experiments conducted
by Saville ('57). The experiments considering the equilibrium profiles showed good
agreement with these prototype data, although for the accretive situation problems existed
with wave-reflection from the beach and re-reflection from the paddle. The concave profiles
seemed to give more realistic profiles as a result of more realistic wave breaking and
shoaling.

Evaluation of the criterion for bar formation showed a higher value than suggested by
Dean ('73).

Dean found (H/wT)cr = 0.85
while Kriebel et al found (H/wT)cr = 2 - 25

Simulation of landward bar migration appeared to be very difficult due to the
aforementioned reflection of waves in the tank.

Hughes & Fowler ('90) mentioned that the bottom shear stress in the model law
suggested by Dean is not scaled correctly. This model law is therefore restricted to chiefly
erosive processes in energetic, turbulence-dominated regions. Hughes & Fowler performed
model tests of the large-scale experiments, conducted by Dette & Uliczka ('87), Uliczka &
Dette ('87, '88) with a model scale of 1:7lh. The test results showed good agreement with
the prototype, but they were better inside the (energetic) surf zone than outside this area. Even
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better agreement was achieved by increasing the wave height in the model by 10% in order
to fulfil a requirement derived by Xie ('81) (see figure 2.14 and 2.15). This requirement is
as follows:

I (U -u) (u -u)(IIIIX .) _( IIIIX .)
W P W 111

,
I
I
I
I
I,
I

Where Umaz is the maximum orbital velocity , u. is the critical threshold velocity of
sediment motion and w is the fall velocity of the sediment partic1es. The sub scripts p and m
refer to prototype and model values respectively.

Tests showed that enhancement of the wave height is not needed for irregular waves.
Sealing laws are usually derived for regular waves. In order to he able to apply these laws
in reality the wave height in these sealing laws should be equal to the significant wave height
in the case of random waves. Beach profiles scaled by this recommendation showed very
good agreement, although the evolution time is about twice as long (see figure 2.16).

2.2.2.3 Different analytieal sealing laws.

Different ways of deriving sealing laws were adapted by Hughes ('83), Kamphuis
('8S), Hallermeier ('85), Wang, Toue & DeUe ('90) and Powell ('88).

I
I
I
I
la
I

Hughes ('83) combined adynamic similitude from forces involved in sediment
transport with a beach profile similarity criterion, based on the dimensionless fall velocity.
According to Hughes the important forces are the gravity and inertia forces, the latter being
equal to a Reynolds stress times an area. From the requirement that all forces must have the
same scale it follows that:
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Preservation of the dimensionless fall velocity gives:

The modellaw, derived by Hughes is thus:

I
I
I

If the model is undistorted (À=J,4) not only the fall velocity parameter but also the
wave steepness and the surf similarity parameter (ç = tanj1/(H/L) are preserved.

Hughes verified his sealing law against the field data of the Hurricane Eloise. Tests
with random waves did not give satisfactory results. Therefore model tests were perfonned
with a monochromatic wave height giving the same energy density as the significant wave
height in the case of random waves. The eroded profiles in the model resembie the prototype
in terms of recession of dunes, eroded volume and beach face slope. These observations
contradiet the results which were reported by Hughes & Fowler ('90).

Hughes' modellaw was evaluated by Hallermeier ('85) who mentioned that this law,
which is only verified by one model test, contradiets the modelling relationship from Vellinga
('82), which has an extensive empirical basis. Another objection against Hughes' sealing law
is the analytical basis of dissipative forces acting on a nearly horizontal bed rather than the
bulk dissipation of energy within the fluid, although this is what actually occurs in the breaker
zone, especially in the case of dune erosion, which is investigated by Hughes.

1\
I
I
I
I

Hallermeier ('85) evaluated and compared different sealing laws (Noda '72, Lepetit
& Leroy '77, Vellinga '82 and Hughes '83) and found that they all contradiet each other.
All these sealing laws are underspecified (two variables can be chosen freely) and therefore
Hallermeier tried to find a unified modelling guidance. He argued that Dean' s fall velocity
parameter is an oversimplification as it does not incIude the beach slope. Instead, he
suggested preservation of the parameter 'P.
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Evolution of beach profiles under random waves.

Where u. is the threshold velocity of sediment motion, v is the velocity and I is a
typical length scale. The subscripts h and v refer to the horizontal and vertical direction
respectively.

The modellaw developed by Hallermeier then becomes:

Hallermeier verified his law with data from the four experiments mentioned before and
with own laboratory data. He found a fair degree of success and concluded that preservation
of the parameter 'P shows some congruence with the empirically based models, but only little
agreement with model laws based on the preservation of the fall velocity parameter.

Some objections against this law are that the parameter 'P, which must be preserved,
is not dimensionless. The fall velocity is not included at all, and data on which Hallermeier
based his "fair degree of success" are not very convincing.

Kamphuis ('85) discussed the scale effects resulting from different modellaws based
on preserving some of the following dimensionless parameters: The Reynolds number, the
Shields parameter, the dimensionless density and geometrie similitude. He found that the best
results are achieved if the requirement for the Reynolds number is relaxed and all the others
are satisfied (Kamphuis ('75».

The scale effects resulting from the use of light-weight material are the piling up of
beaches due to smaller partiele accelerations in the model and the relative much higher weight
of the particles in air. Kamphuis therefore stated that it is impossible to use light-weight
material in a coastal movable-bed model, as was concluded by Noda ('72) and Dalrymple
& Thompson ('76)

Another scale effect results if the same sediment size is used in the model. This is a
result of the scale of the force to move the particle, which is equal to the scale of the
diameter cubed. H the sediment size is the same in prototype and model, the force is also the
same and therefore much exaggerated in the model.

Kamphuis himself stated that the disadvantage of this model is that it does not take
into account material suspension, although very important. He suggested that it is perhaps
better to preserve the dimensionless fall velocity aècording to Dean's recommendations.
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A different approach to deriving sealing laws was adapted by Wang, Toue & Dette
('90). They considered the basic differential equation for sediment conservation:

I
I

ah _ aq
Ot ax

where h is the depth of the profile, t is the time, x is a distance perpendicular to the
shoreline and q is the volumetrie sediment transport rate in x-direction, per unit width.

I To maintain similitude between prototype and model it is required that:

I
I Another requirement they used is preservation of the surf similarity parameter ç (=

tan~/(H/L)). For the case of suspended-load dominated transport, two model laws were
developed:I

I Modellaw A

I
I

À

j.L0.5

I
I
I

In this case the time scale is found from the assumption that the number of incoming
waves is preserved. This is the same time scale as used by Hughes ('83).

I
I
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Modellaw B

I nt - ~ - ~o.5
nu

I
I In this case the morphological time scale is found from the preservation of the

trajectory of a fallen particle. u is a horizontal velocity.

I
I

Comparison of different laboratory experiments showed a better agreement for model
law B. More supporting evidence was found from the formulae for equilibrium beach profiles,
derived from field data. Vellinga ('82) found:

I
I
I
I

A - 0.39 * wO.44

While Dean ('91) showed:

A - 0.51 *wO.44

I The modellaws derived by Wang et al gave:

I
I
I
I

Where n = 0.67 for modellaw A, and 0.4 for modellaw B. This shows that modellaw
B is closer to the observations of Vellinga and Dean.

I

The last modellaw reviewed in this section is derived by PoweU ('88). He required
preservation of permeability, relative magnitude of on- and offshore transport and threshold
of motion. To preserve permeability Yalin ('63) found that the percolation slope J must be
equal in model and prototype. The percolation slope is defined as follows:
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I The parameter k represents the penneability and is a function of the Reynolds number
(Re), v is the velocity through the voids, g is the gravity acceleration and DJO is the 10 %
undersize of the sediment.

I Preservation of the percolation slope gives:

j.L *kp

I
I where:

I
I The subscript prefers to prototype conditions. Jl is the vertical scale and nD is the scale

of the sediment diameter.

I To model the relative magnitude of on- offshore transport the dimensionless fall
velocity should he preserved. This gives:

I ny' -

where

I
I
I
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'( is the specific density and CD is the drag coefficient.

I
I

From Komar and Miller ('73) it was found that, to model the threshold of movement,
the following equation should he satisfied:

3
n I _ (~}4

Y n
D

I
I

By choosing the model scale, one of the equations should he relaxed in order to he
able to solve the four equations. Usually permeability is considered to he less important
Powell showed that in the particular case of# = 17 anthracite, with aspecific density of 1.39,
does satisfy the other equations rather weIl.

I
I 2.2.3 Sealing laws derived by preserving tbe criterion between erosive and

accretive proûles,

I Alternative sealing laws have been based on a comparison of the beach proftle in the
prototype with the beach profile in the model. To distinguish hetween different profile types
a certain criterion for erosive or accretive beaches is derived. The two mostly used criteria
are the fall velocity parameter (H/wD introduced by Dean ('73) and the criterion of
Sunamura & Horikawa ('74):

I
I
I

HJLo - ctanp -0.27 * (DILo>0.67

I
I
I

Where Ho is the deep water wave height, Lo is the deep water wave length, D is the
sediment diameter and tanJ3 is the beach slope.

Kai, Rushu & Liang ('90) however found that these criteria depend on the seale of
the model.

I
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For Dean's criterion number C = H/wT the seale of the criterion number C is equal
to:

I
I
I
I

If the fall velocity in the model is equal to that in the prototype, the value of C in the
model decreases if the vertical seale becomes larger.

For Sunamura & Horik:awa's eriterion with the same material in model and prototype
the seale of the eriterion number C becomes:

n 0.535
H

I
n 0.67
D

I
I

This means that if the same sand size is used in the model and in the prototype (nD=])
the eriterion number in the model will beeome smaller if nH beeomes larger.1f the same wave
height is used in the model the model eriterion number will inerease if the seale of the
sediment size beeomes larger.

I
For these reasons Kai et al found a eriterion which satisfied the seale relations. This

eriterion reads:

I
I Erosion oceurs if Cis greater than 0.83, while aecretion takes plaee if C is less than

0.32.

'I
I
I

2.2.4 Summary.

I
I

In section 2.2 many sealing laws are presented. These laws are either derived
empirieally, based on laboratory and/or fuIl seale experimental data or analytieally, based on
various physieal eonsiderations. It is clear that there remains a lot of uneertainty about the
sealing of the sediment in eoastal movable-bed modeis.
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Table 22 Sealing laws reviewed in seetion 2.2.

I
Souree Sealing relations Distortion = 1

No different material allowed, no distortion allowed.

Dalrymple & Thompson ('76) Dy=1
n, = I"Jl = I)"
no = Jl0-Zl

Van Hijum ('74) 0.,=1
n, = I"Jl = I"A
no = Jl

Kamphuis ('85) Dy=1
n, = I"Jl = I"A
no = Jl

Different material allowed, no distortion allowed.

Noda ('78) ~=l"p=.fA
n, = I"p

Dean ('85) ~=l"p=I"A
n, = I"p (Dm ~ 0.08 mm)

Hughes & Fowler ('90) n, = I"p = I"A
n, = I"p

Powell Dy= (u * 1lco)/Do
n4 = (p / no)0.7~

Different material allowed, distortion allowed.

Vellinga ('82) n, = I"p n, = I"p
n, = p2.29 I ')..}.79 n, = I"p

Wang, Toue & Dette ('90) n, = I"p n, = I"p
n, = p~ / (Dy* A~ n, = .fP/o.,

Hughes ('83) n, = IJl" p n, = I"p
n, = pU I A n, = I"p

Noda ('72) no * o.,1.8~= p0.55 n.,. = p8.10
A = pl32 * n4·0386 no = pU..!!3

Hallermeier ('85) n, = I"p
n'l' = 1

I
I
I
I
I

I
I
I
I
I
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I

The two main features in the comparison of the sealing laws are the allowance of
different material to he used in the model and the allowance of distorted modeIs, i.e. models
with a horizontal scale different from the vertical scale.

The model laws reviewed are summarized in table 2.2. For the model laws which
allow distortion an extra column shows the results if the horizontal seale is equal to the
vertical scale, resulting in an undistorted model.

I
I
I
I
I
I
I
I
I
I
I
I
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3 Experiments.

I
I

In chapter 2 (literature survey), different sealing laws are presented. It is observed that
many of them give different results for the seale of the sediment diameter. Further analysis
of the different model laws was used for the design of the experiments conducted. The aim
of the experiments was to investigate the behaviour of and the differenees between sand and
anthracite models of prototype sand and gravel beaehes.

In this chapter the different sealing laws are compared. Using this comparison the
experiments conducted for this project are designed. Next the experiments and measurements
are descrlbed.

I
I

3.1 Comparison of tbe sealing laws..

I Distinetion between the sealing laws, reviewed in ehapter two, ean be made in tenns
of allowanee of distorted models, i.e. models with a different horizontal and vertieal seale.

Also a distinetion is possible between models which allow different (usually light-
weight) material to be used and other models whieh only allow sand as the model material
(see table 2.2).

I
I
I
I
I
I
I
I

3.1.1 The rail velocity as a representation or the sediment.

Table 2.2 shows that for models whieh require the same material in the prototype and
in the model, the seale of the grain diameter is given in order to find the model sediment size.
For models which allow the use of a different material this is not possibie. Rather than the
seale of the grain diameter the scale of the fall velocity is given, since this is assumed to be
an important parameter for sediment transport. Beeause the fall velocity is dependent on the
sediment size and the density this is an easy way to represent the sediment used, excluding
shape factor.

The relationship between the fall velocity and the sediment diameter and density ean
be derived in the following way:

The fall velocity is found from the balanee of forees on a falling particle:

I 39
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Submerged weight = drag force

I (3. 1)

I
I

where Dis the sediment grain diameter, p, the density of the sediment, p the density
of water, g the gravity acceleration, CD the drag coefficient and w the fall velocity.

The drag coefficient depends on the Reynolds number wDIv, as can be seen in figure
3.1. v is the viscosity of water.

For small values of the Reynolds number (Re < 40) the drag coefficient is linearly
dependent of the Reynolds number:

I
I
I

24
CD - Re (3.2)

Substitution in equation 3.1 gives:

I
I

(3. :3)

I
I

Where i= (Ps - p)/p

I

For large values of the Reynolds number (40 < Re < J(t) the drag coefficient is
independent on the Reynolds number. Substitution in equation 3.1 gives now:

w2 _ 4gD y'
3CD

(3.4)

I
I
I

The drag coefficient depends on the shape factor. The shape factor is a parameter
which expresses the degree of partiele angularity and is defined as D3/I(D1*D2), where D3
is the smallest diameter of the particle, D1 the largest and D2 the intermediate one. For
spheres this shape factor is 1.0 which gives:

w - 5. 06[YlD (3.5)

I
40
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Sand grains however are not perfect spheres and a typical value for the shape factor
is 0.7. This gives:

w - 3.27 RD (3.6)

I
I

Using these relationships the scale of the sediment diameter can he found if the seale
of the setding velocity is known.

If light-weight material is used, the shape factor can he different from that of sand.
This is indeed to be expected as anthracite is usually angular, resulting in a smaller shape
factor. This then may not give the exact value of the settling velocity but is more a
representation of the sediment used in terms of density and grain diameter.

I
I Note: The derivation of the fall velocity is very theoretical. Changes in viscosity due

to temperature differences are not included. The sediment concentration is not
taken into account either. If this concentration is large the fall velocity of the
cloud will be smaller than the fall velocity of a single particle. Additionally the
derivation of the fall velocity is done for particles in still water. The fall
velocity under (breaking) waves can be very different.

I
I
I
I

It is interesting to note that for large Reynolds numbers the fall velocity is proportional
to the square root of the relative density times the diameter:

I
I

(3.7)

The scale of the fall velocity must therefore be equal to the seale of the relative density times
the scale of the diameter:

I (3.8)

I
I
I
I
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If the same material is used (ny = 1) this results in:

n...- {n; (3. 9)

For undistorted modeIs, using the same material, most of the sealing laws require (see table
3.1):

(3.10)

This includes:

(3.11)

The sediment size is sealed down aeeording to.the vertical seale.

3.1.2 Comparison of model sediment diameters for different sealing
laws,

As the relationship hetween the sediment size and density and the fall velocity is
known, the model sediment size ean he derived, according to the different sealing laws.

For most modellaws two variables ean be ehosen freely. The other variables are then
found from the sealing laws.

In this ease the sediment density is restrieted by the available materials, which are
sand and anthracite. The relative density of sand is:

y' _ 2650 -1000 _ 1.65
1000
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While for anthracite the relative density is equal to:

y' _ 139 0 - 1000 _ O. 39
1000

I
The scales of the relative densities (ny) are therefore 1.0 and 1.65/039 = 4.23 for sand and
anthracite respectively.

I
I

The vertical seale is restricted by the physical limits of the equipment, like length and
depth of the channel and the limits of the wavemaker. The wave paddle, used for the
experiments described later, was designed for model scales around 1:30. However larger
model scales are possible. Practical values for the vertical seale are IJ. = 10 and IJ. = 30.

I
I
I

Using the aforementioned values for the seale of the relative density and the vertical
scale, the model sediment size is calculated according to the different modellaws.

The values for the grain diameters of the prototype beaches are chosen to be equal to
D = 0.2 mm, D = 2.0 mm and D = 10.0 mm to cover a wide range of material sizes from fme
sand to gravel. The results are shown in figure 3.2 to 3.7.

3.2 Choice of the experiments.

I In section 3.1.1 it was shown that for an undistorted sand model the grain diameter
is scaled down according to the vertical scale. This means that in a small scale model the size
of the sediment will be very small. Problems rise if the sediment size gets below a critical
value, because the material becomes cohesive and the properties of the sediment change. This
lower limit for the sediment size is about 0.08 mmo (Dean '85)

Because of the cohesive effects, often light-weight material is used in small-scale
models, However, there are still doubts about the validity of the use of light-weight material
in coastal movable-bed models,

I To investigate the behaviour of light-weight material modeis, laboratory experiments
should be compared with field data. This is however a very difficult and expensive task. A
different way to get an idea about the behaviour of light-weight material models is to compare
such a model with laboratory data of a sand model, representing the same prototype beach.
The advantage of comparing two models of the same seale is that no scale-effects are

I
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I
I

introduced. The differences hetween both models are purely related to the difference in
material.

Comparison of light-weight material models with sand models is the aim of the
experiments conducted in this project.

I
I 3.2.1 Undistorted model experiments.

I
I

* First set of experiments.

I

At first the difference between anthracite and sand models was investigated for the
case of undistorted models.

The sediment size in the model was determined by the available material. The sand
available in the laboratory had a mean diameter, D50 of 1.0 mm (see appendix A). It is
reasonable to assume a 1 :10 model scale, which means that this sand represents a gravel
beach with a mean diameter of 10.0 mmo

To model this prototype beach with anthracite, the grain diameter of the anthracite
must he 4.23 mmo But the anthracite available had a mean diameter of 3.0 mm (see appendix
A). In order to represent the same prototype beach a model scale of 1:14 was chosen for the
anthracite model. The difference in model scale was assumed to be small enough to avoid
large scale-effects,

I
I
I
I
I

3.2.1.1 Wave conditions.

I

The evolution of the beach profile must he investigated for different wave conditions.
For every model three wave heights and three wave periods were chosen, resulting in nine
runs for the sand model and nine runs for the anthracite model.

The wave heights and wave periods, used in the experiments depended on the
prototype conditions and the seale of the model and were restricted by the physical limits of
the wavemaker.

The deep water prototype wave height can be very large. But larger waves will break
when they propagate into shallow water and the maximum breaker height at the coast will he
about 0.8 times the water depth. The wave paddle can generate random waves with a
maximum significant wave height of 0.20 m This means that for al :10 model the maximum
significant wave height will he 2.0 m in prototype. The significant wave height used in the
experiments were chosen as 1.0, 1.5 and 2.0 m for prototype conditions. This corresponds to

I
I
I
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0.10,0.15 and 0.20 min the model.
Wave periods vary usually between 5 and 15 seconds. For the experiments values of

7.0,10.0 and 13.0 seconds were chosen for the zero-crossing period. During the experiments
however it tumed out that 13.0 seconds was beyond the limit of the wave paddle and in stead
of 13.0 a value of 12.0 seconds was used as the large st zero-crossing period. The model
values for the wave period are therefore: 2.21,3.16 and 3.79 seconds. The experimentaldata
are summarized in table 3.2.

Table 3.2 Experimental data lor the first set of experiments.

Model Model Sediment size (mm) Wave height (m) Wave period (s)
scale material

model model modelprototype prototype prototype

1:10 sand 10.0 1.0 1.0 0.10 7.0 2.21

1:10 sand 10.0 1.0 1.5 0.15 10.0 3.16

1:10 sand 10.0 1.0 2.0 0.20 12.0 3.79

1:14.1 anthracite 10.0 3.0 1.0 0.0709 7.0 1.86

1:14.1 anthracite 10.0 3.0 1.5 0.106 10.0 2.66

1:14.1 anthracite 10.0 3.0 2.0 0.142 12.0 3.20

3.2.1.2 The dimensionless fall velocity parameter.

The dimensionless fall velocity parameter (H/wn is often used as a criterion for the
distinction between on- and offshore transpon. In chapter 2 it was shown that the critical
value lies between 0.85 and 25 according to different researchers (see section 2.1.1.2). The
parameter H/wT gives an indication of the type of profile, which can be expected to develop
for certain wave conditions and sediment sizes. This is shown in figure 3.8 for a critical value
of H/wT of 1.0. The dimensionless fall velocity was calculated for the wave conditions and
sediment sizes used in the experiments. The results are shown in table 3.3.

Because the model is undistoned, the fall velocity is scaled down as the square root
of the vertical scale. The time scale is also equal to the square root of the vertical scale.
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Legend for figure 3.2 to 3.7.
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Figure 3.8 The dimensionless fall velocity parameter for different sediment sites,
depending on the wave conditions.
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Evolution of beach profiles under random waves.

Hence it can he shown that the seale of the dimension less fall velocity is equal to 1.0:

I
I

Values of the dimensionless fail velocity parameter in the model are therefore the
same as in the prototype.

Table 33 The dimensionless fall velocity parameter for the first set of experiments.

I
I
I
I
I

Values for H/wT D50 = 10.0 mm

T(s)

H(m) 7.0 10.0 12.0

1.0 0.340 0.238 0.198

1.5 0.510 0.357 0.298

2.0 0.680 0.476 0.397

I
I
I

* Second set of experiments.

I

As can he seen in table 3.3, all the wave conditions used in the experiments give
values of H/wT smaller than the critical value. It is expected that for these experiments the
transport wiil he onshore, resulting in accretion at the beach.

To study the behaviour of beach profiles under erosive conditions the value of H/wT
should he above the critical one. This can be realized by increasing the wave height,
decreasing the wave period or choosing a smaller sediment size (see figure 3.8). For a 1:10
model scale, a larger wave height or a much smaller wave period is impossible as a re sult of
the restrictions imposed by the wave paddle. Therefore a conceptual model scale of 1:30 was
used in the second set of experiments. The maximum possible significant wave height is now
6.0 m. in prototype.

I
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Evolution of beach profiles under random waves.

I

The smallest sediment size available in the laboratory had a mean diameter of 0.47
mm (see appendix A). For an undistorted model with a scale of 1:30 this corresponds to a
prototype beach material with a sediment size of 14.1 mmo For these experiments the
prototype values of the wave period were chosen the same as in the fust set of experiments
()J. = 10). This results in values for the wave period in the model of 1.28, 1.83 and 2.19
seconds. In order to get erosive conditions the wave height must be very large as can he seen
in figure 3.8. The experimental data for the second set of experiments are summarized in table
3.4. The value for the dimensionless fall velocity parameter is presented in table 3.5.

To model this prototype beach with anthracite, the mean diameter must have a value
of 2.0 mmo The anthracite available had a mean diameter of 1.9 mm (see appendix A).
However the amount of anthracite was too small to perform any experiments.I

I
I

During the experiments it tumed out that the waves corresponding to a prototype wave
height of 6.0 meter were so steep that they were breaking just beyond the paddle, far offshore.
This means that wave energy was dissipated offshore, which resulted in much smaller wave
heights near the beach. It can be concluded that with the sizes of sediment available, erosive
conditions could not be achieved.

I
I Table 3.4 Experimental data for the second set of experiments.

I

Model Model Sediment size (mm) Wave height (m) Wave period (s)
scale material

prototype model prototype model prototype model

1:30 sand 14.1 0.47 3.0 0.10 7.0 1.28

1:30 sand 14.1 0.47 4.5 0.15 10.0 1.83

1:30 sand 14.1 0.47 6.0 0.20 12.0 2.19

I
I
I

I
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Table 35 The dimensionless fall velocity parameter for the second set of experiments.

I
I
I
'I
I
I
I

Values for H/wT Dso = 14.1 mm

T(s)

H(m) 7.0 10.0 12.0

3.0 0.859 0.601 0.501

4.5 1.29 0.902 0.751

6.0 1.72 1.20 1.00

* Third set of experiments.

A different set of experiments was performed with the 0.47 mm sand. To compare the
behaviour of sand models with a different scale, and investigate the scale-effects between
them, the same prototype conditions as for the first set of experiments were used. In the fITSt
set of experiments the prototype value of the mean diameter, D50' was 10.0 mmo The model
scale for the third set of experiments is therefore:

lO.Omm _ 21.28
0.47 mm

The conditions for the third set of experiments are summarized in table 3.6.

I
The dimensionless fall velocity parameter will be the same as for the fITSt set of

experiments (see tab Ie 3.3).

I
I
I
I
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Table 3.6 Experimental data for the third set of experiments.

Model Model Sediment size (mm) Wave height (m) Wave period (s)
scale material

prototype model prototype model prototype model

1:21 sand 10.0 0.47 1.0 0.0470 7.00 1.52

1:21 sand 10.0 0.47 1.5 0.0705 10.0 2.17

1:21 sand 10.0 0.47 2.0 0.0940 12.0 2.60

3.2.2 Distorted model experiments.

I
I
I

Distorted models have a horizontal scale which is different from the vertical scale.
This means that for a distortion of 2.0 (À = 2)4) the beach profile in the model will he twice
as steep as in the prototype. However, it is often unclear how to scale down the waves in a
distorted model.

* First method.

I
I
I
I
I

One way of deriving the model wavelength is by calculating the model wave
period, using the time scale. From the model wave period the deep water wave length
in the model can be calculated using the formula:

(3.12)

Where Lo is the deep water wave length, g is the gravity acceleration and T is the
wave period. This gives:

L -m

(3.13)

I
I
I
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The subscripts m and p refer to model and prototype respectively. This results in
undistorted waves in the model.

I
I
I

* Second method.

Another way of deriving the model wave length is by calculating the prototype
deep water wave length from:

(3.14)

I
I

Next the model wave length can be found by dividing the prototype wave length by
the horizontal scale:

I
I
I
I
I

L -m
(3.15)

Where ~ is the model distortion (~ = ÎJJ.l).

3.2.2.1 Distorted models according to Vellinga's law.

I
I
I

Vellinga ('86) stated explicitly that for distorted models scaled down according to the
relations he derived, the waves still had to be undistorted in order to scale shoaling, refraction
and diffraction of the waves properly. This means that for a distorted model the same wave
eonditions as in an undistorted model ean be used, beeause in both sealing laws the time scale
is the same (n, = ';-J4).

For this reason the experiments eonducted as undistorted models ean be interpreted
as distorted modeIs, representing a different prototype beaeh.

Vellinga's modellaw reads:

À. - il1.28
n 0.56

w

'I
I
,I
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I
I
I
I

Assuming a distortion t! = 2.0 (A. = 2J.1.)the scale of the fall velocity can be calculated.
For the first set of experiments with avertical scale of 1 :10 this becomes: n; = 0.917, for
the second set of experiments with avertical scale of 1 :30 the scale of the fall velocity is n;
= 1.59 and for the third set of experiments, with avertical scale of 1:21 the scale of the fall
velocity is n.., = 1.34.

This means that the fust and the second set of experiments are both models of a
prototype beach with a mean diameter of D 50 = 0.84 mm and the second set of experiments
is a model of a prototype beach with a mean diameter of D50 = 1.19 mmo

3.2.2.2 The dimensionless faU velocity parameter.

It can be shown easily that Vellinga's modellaw does not preserve the dimensionless
fall velocity in distorted modeis. The scale of the wave height is equal to the vertical scale,
the time scale is equal to the square root of the vertical scale and for a distortion t! = 2.0 the
scale of the fall velocity is equal 10 n; = 0.29.f"J.I..This gives:

I
I
I
I
I
I
I
I
I
I
I

0.29 lil lil
1 _ 3.45

0.29

Wave conditions which suggest erosive profiles in prototype (H/wT> 1.0) show still
accretive conditions in the model. An example for the model with a vertical scale of 1:30 is
presented in tab Ie 3.7. It is interesting to investigate what will actually happen in the model.
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I
Table 3.7 Values for HlwT in a model with distortion 2.

I
'I
t
I
I
',1\

I
I
I
-;/

I
I
I
I
I

Values for H/wT
D50 = 1.19 mm (full scale) )1 = 30 ~=2

Wave period (s)
Wave (fuU scale)

height (m)
7.0 10.0 12.0(fuU scale)

3.0 prototype 2.96 2.07 1.73

model 0.859 0.601 0.501

4.5 prototype 4.43 3.11 2.59

model 1.29 0.902 0.751

6.0 prototype 5.92 4.14 3.45

model 1.72 1.20 1.00

3.3 Description of tbe experiments.

The model experiments for this project were performed in the large wave tank in the
Hydraulics Laboratory of the Civil Engineering Department of Imperial College.

This wave tank is 60 m long, 15 m deep and 2.80 m wide. At the end the tank is
divided into two channels. The one used in this project was 0.88 m wide (see figure 3.9).

3.3.1 Waves.

To perform the experiments random waves were generated in the wave tank. Random
waves form a more realistic representation of reality than monochromatic waves,with a single
wave height and wave period.

Wave data were collected from a wave gauge in the tank.

I
I,
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Evolution of beach profIles under random waves.

3.3.1.1 Wave generation.

The waves were generated by a random wave generator. The wave paddle was driven
by a computer program, called "Paddkos". Input data for this program are:

* A file containing the wave signals (in volts) to drive the paddle. The signals
correspond to a spectrum with a certain significant wave height and zero-crossing
period.

* A numerical parameter, which has a value of 590.

* The number of readings. This number represents the length of the signal sent to the
paddie. The frequency of the signal is 25 Hz. For half an hour of waves the number
of readings is thus: 25 * 30 * 60 = 45,000.

The file containing the wave signals is generated by the program "Jefwaves". Input
data for this file are:

* The water depth. For the experiments performed this was about 0.85 m.

* The length of the signal in seconds. For half an hour of waves the length of the signal
is 1,800 seconds.
The number of frequency components in the spectrum. This number is 80.*

* The number of components above the 85% level, which is 30.

The program can generate a spectrum using observed data or it can calculate the
spectrum from one of the following formulae: Pierson-Moskowitz, Jonswap or Goda. In this
project the Jonswap spectrum was used, which was specifically derived for the North Sea. The
formula reads:

"
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Evolution of beach proflles under random waves.

where:

Cl -
0.0624

0.230 + O.0336y - 0.185 (1.9+y)-1

and

S(f) is the speetral density, f is the frequency of the waves, T is the wave period (T
= 1Ij). The subscript prefers 10 the peak in the spectrum. 'Y is the peak enhancement factor
which varies between 1 and 7 and has a mean value of 33. For y = 33 the values of o..and
o, are respectively 0.07 and 0.09. Input data for the Jonswap spectrum are:

* The model value of the significant wave height.

* The model value of the peak frequency. This is the frequency corresponding to the
peak of the spectrum and is usually calculated as:

Where rop is the peak frequency and T, is the zero-crossing period.

* The lower and upper frequency limits. These were taken at 113 rop and 2.0 rop'

, Increasing the range of frequencies requires a longer time to generate the signal.

* The peak enhancement factor. The mean value of 3.3 is used for the experiments.

The program "Jefwaves" further required:

* The paddle voltage limit, which is 4.99 volts.

* The scale factor, which is 2/3/20 = 409.6.

The program gives the bandwidth parameter, the Longuet-Higgins parameter and the paddle
voltage standard deviation and then generates the wave signals for the paddle..
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Evolution of beach profiles under random waves.

3.3.1.2 Wave data collection and analysis.

Wave data were collected in the tank at about 51 m from the wave paddle in a water
depth of 0.35 m (see figure 3.10).

A resistance-type wave gauge was used to measure the variation of the water level,
a lower resistance corresponding to a higher water level. Calibration of the wave gauge was
required to fmd the wave heights.

To calibrate the wave gauge and collect the wave data the computer program
"Collbabn" was used. Input data for this program are:

* The number of wave gauges. In the experiments only one wave gauge was used.

* The frequency of the signal, which is 25 Hertz,

* The number of scans, which is equal to _the length of the wave data record times the
frequency of the signal (25 Hz). In reality usually 20 minute-records are used for
collection of wave data. The same length was used in the fust set of experiments
although this corresponds to a longer period in reality. The number of scans is
therefore 30,000. In the second and third set of experiments the duration of the wave
signal was smaller. Therefore wave data were collected for only 10 minutes. The
number of scans is now 15,000.

The calibration was performed by moving the wave gauge to different positions and
record the value, measured by the computer using an analogue-digital converter. The
.calibration factor is given by the program and the wave data can he collected.

To analyze the wave data the computer program "Sght" was available, which gives the
mean water level in the model, the number of zero crossings, the mean and the significant
wave height and the zero-crossing period.

3.3.2 Beach profiles.

The model beach was built at the far end of the tank, about 53 to 58 m from the wave
paddle. The beaches were made with a uniform initial slope.

The bottom of the channel in the beach region had a slope of 1:18. From the literature
review it was seen that the initial beach slope should he neither very steep nor very flat.
Dependent on the amount of material available and the length of the beach an initial slope
of about 1:14 was used.
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Sand model, undistorted, scale 1:10
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Figure 3.11 Beach profiles in the experiment with a beach length of 2.7 meter.
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Evolution of beach profiles under random waves.

3.3.2.1 Length of the beach and amount of sediment.

The first experiments were performed with a beach length of 2.7 m During these runs
however it was clear that this beach was far too small.

At the top end of the beach a low wall was used to fix the beach in place. The wave
run-up was reaching this wall, which influenced the beach profile. Rather than the creation
of a berm at the top of the beach, the beach slope kept increasing due to the building-up of
material against the wall.

In the surf zone sediment was picked up by the waves and moved onshore, digging
out a step. Before the beach profile attained any form of equilibrium the bottom of the
channel was reached, preventing further deepening of the profile. These two phenomena are
shown in figure 3.11.

As a re sult it was decided to use much more sand (0.75 "r in stead of 0.25 "r) and
make the beach almost twice as long. The new length was 5.2 m.

3.3.2.2 Duration of experiments.

From figure 3.11 it can be seen that even after 2.5 hours of waves an equilibrium
profile was not attained yet. To decide how long each run had to last for, the time seale of
the model was considered.

It was assumed that the duration of a storm is usually not longer than 12 hours. For
a 1:10 model the time scale is equal to n, = -IlO = 3.16. A storm of 12 hours is therefore

. modelled by 3.8 hours of waves. The first set of sand experiments had therefore a duration
of 4 hours. The experiments with the anthracite models were only performed for 1.5 hours,
because anthracite is much more mobile and most of the beach profile evolution took place
in the fust half hour.

The second and third set of experiments had a duration which was in prototype equal
to the duration in the first set of experiments. This means that each run in the second set of
experiments Cu = 30) lasted 2.3 hours and each run in the third set of experiments Cu = 21)
lasted 2.7 hours.

3.3.2.3 Beach profile measurements.

The beach profile was measured by anormal ruler with a small horizontal plate at the
end to prevent it from piercing into the beach (see figure 3.12). The water level was measured
in the same way and was used as the reference level.
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Figure 3.12 Ruler wed to measure
the deptb of the profile.
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Figure 3.13 Method wed to measure the depth of the profile.
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The height of the profile was measured with respect to the height of the two
dashboards of the channels. These dashboards were level and had the same height and could
therefore be used as a datum. A beam was laid over these walls and the depth of the profile
from the top of this beam was measured with the ruler (see figure 3.13).

The beach profile was measured along the middle of the channel to avoid side-effects
caused by the wa1ls as much as possible.

Measurements were taken every 200 mm from the uprush limit to the shoreward end
of the breaker zone. Because the profile was rather smooth in this region this was considered
accurate enough. In the surf zone the profile was less smooth. Ripples were formed in this
area and measurements were taken every 100 mmo All the measurement data of the depth of
the profile and their corresponding prototype values can be found in a separate volume: "The
evolution of beach profiles under random waves, Measurement data". The graphs of the
recorded beach profiles can be found in appendix C.
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Sand model, undistorted, scale 1:21
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Evolution of beach proflles under random waves.

4 Results.

4.1 General features.

In this chapter the results of the experiments, described in chapter 3, will be discussed.
As mentioned before, only accretive conditions have been studied, due to restrictions, imposed
by the physicallimits of the experimental equipment and the sizes of sediment available. This
means that all the profiles are "step"-type profiles, characterized by a berm at the beach, a
step in the breaker zone and advancement of the shoreline. The graphs of all the beach
profiles can be found in appendix C.

First these three general features and the major differences between sand and
anthracite models are discussed. Next, a numerical analysis of the beach profiles is presented .

4.1.1 The berm.

The experiments showed the development of a berm at the beach. This berm is formed
by sediment, picked up by the waves in the breaker zone, transported onshore and deposited
at the foreshore. The foreshore is the region between the shoreward limit of the breaker zone
and the point of maximum wave run-up. Figure 4.1 is a typical example of the development
in time of such a berm.

It is clear that the beach profile did not yet attain a state of equilibrium after 4 hours
in the model (corresponding to 12.65 hours in prototype), because the height of the berm is
still increasing (see figure 4.2).

Because the material is transported by the waves, the length of the berm depends on
the maximum run-up. Wave run-up increases if the wave height increases; a rule of thumb
is that the height of maximum wave run-up is approximately equal to the significant wave
height. However, longer wave periods also result in larger wave run-up. For these reasons
some problems were observed in the experiments with the larger wave heights and periods.
Because wave run-up reached the low wall at the top of the beach, the profile was influenced
by this wall, as can be seen clearly in figure 4.3. Absence of this wall would have allowed
larger wave run-up and therefore a longer berm. The berm crest would have been located
further onshore. Data and graphs of the berm crest elevation can be found in appendix Dl.
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Evolution of beach profJles under random waves.

4.1.2 The step.

The turbulence generated by the breaking waves caused the sediment to go into
suspension. This sediment is then transported onshore, creating deepening of the profile in the
breaker zone. Figure 4.1 shows a typical example of the formation of the step.

Although in some cases the development of the step seem to have achieved some state
of equilibrium, in other cases the depth of the profile is still increasing as can be seen in
figure 4.4.

Comparison of the different beach profiles (Appendix B) shows that the depth of the
step increases for increasing wave heights and periods. This caused again some problems in
the experiments with the larger waves, because the bottom of the tank was exposed before
the end of the experiment, thus imposing an artificial limit on the beach profile evolution.
This is shown in figure 4.3. Data and graphs of the deepening of the step can be found in
appendix DI.

4.1.3 Shoreline advancement.

The accretive conditions and resulting deposition of sediment at the beach caused
advancement of the shoreline and the creation of a wider beach above still water level. In
general the shoreline advancement was achieved very rapidly and did not change much
afterwards (see figure 4.5). However, in a few experiments the shoreline was observed to

. reeede again after the earlier advancement. This was caused by the lack of sediment in the
breaker zone to be transported onto the berm. Data and graphs of the advancement of the
shoreline can be found in appendix EI.

4.1.4 Dlfferenees between sand and anthracite models.

In this section the major differences between the sand and anthracite modeIs, observed
10 the experiments are discussed. The discussion concentrates on the general features, a
detailed analysis of the models being presented later in this chapter.
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Evolution of beach profJles under random waves.

* Sand modeis.

I
I
I
I
I
I
I
I

For the sand models which represented a prototype beach with a mean grain diameter
of 10.0 mmo the maximum elevation of the berm with respect to the initial profile varied
between 0.3 and 1.3 m, depending on the different wave conditions. This corresponded to
values of 0.5 to 2.8 m above still water level.

The maximum deepening of the step with respect to the initial profile varied between
0.3 and 1.6 m. This meant a depth below still water level of 1.0 to 3.5 m.

The berm crest was located between 6 and 22 m from the initial shoreline, while the
location of the deepest point of the step varied between 8 and 21 m seaward of the initial
shoreline.

These features resulted in typical "step" profiles, of which an example is shown in
figure 4.1.

Beyond the breaker zone the formation of ripples was observed, with the larger and
longer waves creating larger and longer ripples. Ripple lengths varied between 0.5 and 3:6
m, while ripple heights had values of 0.1 to 0.6 m approximately (full scale values).

* Anthracite modeis.

Although the anthracite models resulted in the same type of profile, with a berm at
the beach and a step in the breaker zone, the differences with the sand model were very large.
Unlike the sand models, which seemed to give a reasonable representation of the beach
profiles in reality, the anthracite models showed the development of an: unrealistic high and
steep berm at the beach (see figure 4.6). The mechanism which created this large berm can
be described as follows:

The anthracite was transported onshore by the waves. However, much less material
was moved back seaward by the downrush. This is considered to be caused by three different
factors:

1) The high permeability of the anthracite.

I
I'
I
I
I

Values of the porosity of the sand and the anthracite, used in the models are
measured. The results are shown in table 4.1. Although the porosity of the anthracite
was not much larger, the anthracite used in the model had a larger permeability. This
is a result of the larger partiele size of the anthracite (3.0 mm compared to 1.0 and
0.47 mm in the sand models) and consequently larger voids between the particles.
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Table 4.1 Porosity of sand anti anthracite.

I
Material Porosity (%)

Sand BS 14/25 38.7

Sand BS 22/60 37.2

Anthracite Grade 3 45.6I
I The larger permeability enabled the water to percolate into the beach more

easily than in the sand models, where the downrush was more parallel to the beach.
The vertical percolation resulted in an increase in deposition of sediment,

compared to the more parallel downrush.I
I 2) The relatively heavy weight of anthracite in air.

I For anthracite models the seale of the specific gravity, ny is equal to:

n.,' - y'I' - 1. 65 - 4. 23
y' m 0.39I

I In order to have the same scale for the weight of the particles in water and in air the
density of the model material should be equal to:

PSp _ 2650 _ 626 kg/m3
n.,' 4.23

I
I
I
I
I

However, the density of anthracite is 1390 kglm', which is 22 times as much. Because
of the relatively heavy weight of anthracite in air most of the particles which are
moved onshore, will stay there and will not be transported back seaward. This also
resulted in an increase in deposition at the beach.

I
I
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3) The different shape factor of anthracite.

I
This is probably the most important factor. The angle of repose of the sediment

is influenced by the angularity of the particles, which is represented by the shape
factor.

The angularity of anthracite is different from that of sand. Measurements of the
angle of repose however, only indicated small differences between the angle of repose
for sand and anthracite. For dry sand and dry anthracite the angle of repose was 28 °
and 32 o respectively. The angle of repose for wet sediment can be up to 90° for both
sand and anthracite.

Despite these small differences in angle of repose, the beach profiles were very
different. Beach profiles in the anthracite model showed slopes of the berm-face of
almost 90°. This was not observed in the sand models and does not happen in reality.
Another phenomenon was the abrupt change in slope around the still water level in
the anthracite model, which was not observed in the sand models (see figure 4.7). .

Thus it is clear that the relation between the partiele angularity, represented by
the shape factor, the angle of repose and the beach profile remains uncertain and needs
further study.

I
I
I
I
I
I

I

It was obvious in the experiments that anthracite is much more mobile than sand.
Together with the three factors mentioned before, this resulted in a very quick development
of a berm at the location of the initial shoreline. Within the first 10 minutes of the experiment
(corresponding to half an hour in prototype) a very steep berm was formed, which prevented
almost all wave run-up further onshore. This resulted in a further increase in berm height
during the rest of the time. Most of the profile change took place in the first half hour of the
experiments (Corresponding to almost 2 hours in prototype) as can be seen in figure 4.8.

Beyond the breaker zone no ripples at all were observed in the anthracite model. This
may indicate a different kind of transport mechanism in which the whole surface-layer of the
beach profile is moving, rather than the individu al motion of saltating particles. However no
proof of this theory can be given as it was impossible to observe the transport mechanism
from above and the window in the side of the tank was located at a different position.

I

I
I
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4.2 Analysis of beach profiles.

I

In this section the analysis of the beach profiles is presented. First the method of
empirical eigenfunctions was used to analyze the data. Since this method was not very helpful
in analyzing the beach profiles in this project, most of the analysis of the data is made in
terms of beach slope.

I
I

4.2.1 Tbe method of empirical eigenfunctions.

I
I
I
I

One way of analyzing beach profile data numerically is by using the method of
empirical eigenfunctions. This method is described in Winant, Inman & Nordstrom ('75)
and Weishar & Wood ('83) and is shortly summarized here. Next this method is applied to
the beach profile data of the experiments and finally a brief discussion is given on the
usefulness of this method.

4.2.1.1 Statistica) method.

I

The beach profiles analyzed are described in terms of h:rJ' where h is the depth of the
profile for a point at a distance x from the shoreline, measured at time t. These data are used
to generate sets of empirical eigenfunctions, which best fit the data in the least squares sense.
In order to generate these functions, two correlation matrices are formed, a spatial correlation
matrix A and a temporal correlation matrix B. The elements of these matrices are defined as
follows:

I
I
I
I
I
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1

I
where n% is the number of points along the profile and n, is the number of profiles

recorded.

I Like any matrix these matrices posses a set of eigenvalues (ÄJ and corresponding
eigenveetors (eJ which satisfy the equation:

A en - À. n enI
I Because of the definition of the matrices A and B the sum of all the eigenvalues is

equal 10 the mean square value of the data and each eigenvalue can be interpreted as being
representative of a certain percentage of this mean square value.

In addition it can be shown that if A/ is the largest eigenvalue and elx the
corresponding eigenvector, the function edA/l·s is the best fit to the correlation matrix in the
sense that:

I
I
I
I
I

Therefore the function edA/l.5 can be interpreted as the mean beach function. The
.other eigenvalues then represent the varianee of the data from this mean beach function.

4.2.1.2 Analysis of the data from the experiments.

I
I

The method of empirical eigenfunctions was used to analyze the beach profiles of the
first set of sand experiments and the following illustrates a typical re sult. For the experiment
with a significant wave height of 1.0 m and a zero-crossing period of 7.0 seconds, 41 points
along the profile had been measured (n, = 41) and the experiment consisted of 9 profiles
(nt = 9).

In order to use the method of empirical eigenfunctions, a computer program was
written to generate the correlation matrices and to determine their eigenvalues and
corresponding eigenveetors (see appendix G).

I
I
I
I
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Results of the statistical analysis are presented in tabIe 4.2. For the 5 largest
eigenvalues the percentages of the mean square value of the data are given, together with the
percentage of the varianee from the mean beach function.

I
I

Figure 4.9 shows the mean beach function eJiÀJl5 and the eigenfunctions
corresponding to the second and third eigenvalues, representing the varianee from the mean
beach function.

The mean beach function shows the berm and the step in the profile and the second
eigenfunctions, which accounts for 69.11% of the variance, shows that the largest fluctuations
in the beach profile indeed take place at the location of the berm and the step.

I
I Table 4.2 Results of the statistical analysis.

I

Percentage of the mean Percentage of the varianee from
square value of the data. the mean beaeh funetion.

Mean beaeh funetion 99.75

Eigenvalue 2 0.17 69.11

Eigenvalue 3 0.039 15.85

Eigenvalue 4 0.013 5.32

Eigenvalue 5 0.0076 3.08

I
I
I

I
I

4.2.1.3 Discussion.

I
I
I

Although the method of empirical eigenfunctions works well, it is not very helpful in
the analysis of beach profiles in this project. The reasons are:

1) The mean beach function represents the mean of the initial profile and the 8 profiles
measured in one experiment under certain wave conditions. This has no physical
meaning as the initial profile is just a uniform slope in order to have a starting point
in the experiments.

I
I

2) The second eigenfunction does present where the largest variations in the profile take
place. However, this can also be seen very easily from the recorded beach profiles.
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Figure 4.10 Definition sketch of the mean beacb slope tanf3.



I
I
I
I
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The method of empirical eigenfunctions is therefore not very helpful in the analysis
of these beach profiles and is not used furthermore in this project.

I
I

The method would be very helpful however in the analysis of field data, where the
mean beach function represents the mean profile for a certain location over a period of one
or more years, with largely varying wave conditions. The other eigenfunctions would then
indicate the seasonal or even shorter-term variations from this profile.

I
I

4.2.2 The beacb slope as a representation of tbe beacb proflle,

I
In section 4.2.1 it was shown that the method of empirical eigenfunctions is not very

helpful in the analysis of the beach profiles in this project. Therefore a different method of
analyzing the proftles had to be found.

One possibility would be to compare the measured profiles with the " h = Ay'" "
model. However it is clear that this model assumes a monotonically decreasing beach slope.
This means that if this method is used, it is impossible to study the behaviour of the
characteristic berm and step of the profiles. For this reason the mean beach slope was used
as a representation of the profile.

I
I
I
I

4.2.2.1 First evaluation of the beach slopes.

I
The mean beach slope, used as a representation of the beach profile, is defined as the

slope between the highest point of the berm and the lowest point of the step, in order to
include these two characteristic features into the analysis of the beach profiles. Values of the
mean beach slope are calculated in terms of tanp, where

(h1 + h2)

(Y1 +Y2)
tanfJ -I

I
I
I
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Evolution of beach proftles under random waves.

A definition sketch is shown in figure 4.10.

The mean beach slope between the berm crest and the trough of the step was
calculated for different times in the evolution of the profile. These values can be found in
appendix F 1. The values of the mean beach slope after 12.65 hours of profile evolution in the
sand model and 5.63 hours in the anthracite model (prototype values) are summarized in table
43.

Table 4.3 Values of the mean beach slope after the last measured profile.

sand sand anthr. sand
model model model model
1:10 1:21 1:14 1:30

H/wT tanf3 tanf3 tanf3 tanf3

0.198 0.138 0.159 0.202

0.238 0.181 0.209 0.219

0.298 0.127 0.179 0.235

0.340 0.146 0.184 0.264

0.357 0.154 0.148 0.219

0.397 0.139 0.141

0.476 0.165 0.139 0.243

. 0.501 0.187

0.510 0.149 0.153 0.228

0.601 0.138

0.680 0.148 0.111 0.195

0.751 0.117

0.859 0.150

0.902 0.110
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* The 1:10 sand model.

I

The mean beach slope in the 1:10 model varies between tan~ = 0.127 and tan~ =
0.181 as can be seen in figure 4.11, where tan~ is plotted against the dimensionless fall
velocity parameter HlwT. This figure shows that there is no clear relationship between these
two parameters. This is caused by many different factors. The most important two are the
reaching of the wall at the top of the beach and the exposure of the bottom of the tank at the
location of the step, for the larger waves. These two phenomena obviously influence the beach
profile and consequently the mean beach slope.

lt is difficult to determine the extent to which the wall and the bottom have influenced
the mean beach slope. Without the wall at the top of the beach, the berm crest would have
been located further onshore, resulting in a flatter slope. However, the exposure of the bottom
in the breaker zone may have created a lack of sediment to be transported onshore,which
would have caused a lower berm crest than in reality. Thus in reality the berm crest may have
been higher, resulting in a steeper mean beach slope.

The exposure of the bottom also restricted the deepening of the step. without this
restrietion the mean beach slope would have been steeper. However the deepest point of the
step may have been located further offshore causing a flatter mean beach slope.

The profiles which are affected by these features are the ones with:

I
I
I
I
I H, = 1.5 m T, = 12.0 s (HlwT = 0298).

H, = 2.0 m T, = 10.0 s (HlwT = 0.476).
H, = 2.0 m T, = 12.0 s (H/wT = 0.397).

I
I

But even if these three points are excluded, the relationship between tanJ3 and HlwT
is not clear. (The graphs of the profiles can be found in appendix C.)

Other reasons which may have affected the mean beach slope are the difference
between the wave heights and periods used as input data for the wave maker and the actual
wave heights and periods in the model, the uncertainties in the calculation of the fall velocity
and the uncertainties in the definition of the berm crest and the deepest point of the step.
These factors are discussed later.

I
I
I
I

* The 1:14 antbracite model.

The values of the mean beach slope for the anthracite model show clearly that the
beach profiles in this model are much steeper than the profiles in the sand models. Values of
tan~ vary between 0.195 and 0264. Like in the sand model with a 1:10 scale there is no
clear relationship between the beach slope and H/wT (see figure 4.12).

I
I
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I
I

Again problems were caused by the exposure of the bottom. In the case of H, = 15
m and T, = 12 s (H/wT = 0.298) the bottom was exposed after 15 hours of experiments,
corresponding to an evolution time of 5.63 hours in prototype.
For the experiments with:

I H, = 15 m T, = 10 s (H/wT = 0.357)
H, = 2.0 m T, = 10 s (H/wT = 0.476)

I values of the beach slope are plotted for an evolution time of 3.75 hours rather than 5.63
hours, because exposure of the bottom was already observed at this time (1 hour of
experiment). The beach slope for H, = 2.0 m and T, = 12.0 s (H/wT = 0397) is even not
shown at all, because the bottom of the tank was exposed after the first run of half an hour
(1.88 hours in prototype). The graphs of the profiles can be found in appendix C.

I
I

I

It is again very difficult to say how the beach slopes would have changed if there had
been no artificial limit on the profile development, caused by the bottom of the tank. The
same considerations as for the 1:10 sand model are valid for the anthracite model.

However even in the experiments where the bottom was not exposed it was very
difficult to define a deepest point of the profile (see for example the profile for H, = 15 m
and T, = 7.0 s). This made it very difficult to define a mean beach slope.

Because of all these uncertainties in the beach profiles of the anthracite model it is
impossible to derive a relationship between the mean beach slope and H/wT.

I
I

I
I

* The 1:21 sand model.

I

The values of the mean beach slope for the 1:21 sand model vary between tan~ =
0.111 and tan~ = 0.209 and are shown in figure 4.13. The data points are still rather widely
scattered, although there is a trend of a decrease in the mean beach slope for increasing H/wT.
This can be explained as follows:

An increase of H/wT means steeper waves and more erosive conditions. The larger
H/wT, the less sediment will be transported onshore, resulting in a lower berm and
consequently a flatter mean beach slope.

The wall and the bottom of the tank did not have any influence on the profiles in this
set of experiments and from this point of view the data for the 1:21model are more reliable
than those for the 1:10 model.

I

I
I
I
I
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* The 1:30 sand model.

I

The prototype conditions for the 1:30 model were different from the other three
models, Wave heights varied between 3.0 and 6.0 mand the mean grain diameter of the
sediment had a value of 14.1 mm rather than 10.0 mmo This resulted in larger values of H/wT
as was presented before in table 3.5. (Note: The experiments with H$ = 6.0 mand T, = 10.0
and 12.0 s have not been performed.) The two experiments with the largest values of H/wT
showed no development of a berm. The wave conditions for these experiments were:

I H, = 4.5 m T, = 7 s (H/wT = 1.29)
H, = 6.0 m T, = 7 s (H/wT = 1.72)

I
I

For this reason the mean beach slope was only calculated for the 5 remammg
experiments. Values of the mean beach slope vary between tan~ = 0.117 and tan~ = 0.187
and are shown in figure 4.14. They are again widely scattered, but like in the 1:21 model
there is a trend of decreasing mean beach slope for increasing H/wT. However one has to be
careful to draw conclusions from only 5 data points.

I
I

In this model some problems which may have influenced the relation between the
mean beach slope and H/wT were related to the wave conditions. The steeper waves were
breaking far offshore, resulting in different wave conditions at the beach from those used as
input data for the wave maker. This problem is also discussed later.

I
I

* Summary.

I

The values of the mean beach slope, used as a representation of the beach profiles in
the different models are shown together in figure 4.15. This figure shows that there is no clear
relationship between the mean beach slope (tan~) and the dimensionless fall velocity
parameter (H/wn, although over-all there is a slight trend of a decreasing mean beach slope
for increasing H/wT.

The data points of the 1: 10 model do not show this trend which is mainly caused by
the influence of the wall at the top of the beach and the bottom of the tank in this model.

Next the figure shows clearly that the anthracite model gives much steeper slopes than
all the sand models. For this model also the bottom of the tank largely influenced the beach
profIles.

I
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4.2.2.2 Errors in measurement and calculation of HlwT and the mean
beach slope.

I

The relation between the mean beach slope (tanl3) and the dimensionless fall velocity
parameter (HlwT) has been affected by errors in the calculation or measurement of these two
parameters.

Errors in HlwT result from differences in HIT between values of this parameter used
as input data for the wave maker and recorded values of HIT from the wave gauge. Another
factor inf1uencing the value of HlwT is the calculation of the fall velocity , w.

Errors in the mean beach slope arise from errors in the measurements of the depth of
the profile and from uncertainties in the definition of the berm crest and the deepest point of
the step.

The magnitude of these errors and the influence on the relation between tanl3 and
HlwT have been investigated and are discussed in this section.

I
I
I
I
I

* Errors in HlwT.

I

For the investigation of the errors in HlwT due to the differences in wave conditions
between input data and recorded values, HIT is considered as a single parameter. Combination
of the value of H, from one run with the value of T, of another run in the same experiment,
would result in unrealistic values for the magnitude of the error in HIT.

Measured values of H, and T, can be found in appendix B. Although wave data were
collected for every run, resulting in 8 wave data records per experiment, only 2 of them are
presented in the appendix. The reason for this is that the input signal was exactly the same
for each run and in general the measurements showed indeed little variation in values of H,
and T•.

In appendix H the prototype values of HIT, derived from the collected wave data in
the models are presented together with the values used as input data for the wave maker. An
extra column shows the difference between these values in terms of the percentage error. It
is clear that there are some differences between the input data and the recorded values. One
reason for this is that the values for the "input data are for deep-water conditions, while the
wave gauge is situated in much more shallow water.

The largest differences occur for the steep waves in the 1:30 model. This was to he
expected, because the steeper waves in this model were breaking far offshore, causing energy
dissipation and a corresponding decrease in wave height. Recorded values of HIT are indeed
substantially smaller than the input data (25 - 28 %).

I
I
I
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Evolution of beach profiles under random waves.

* Errors in the calculation of w.

Errors in the calculation of the fall velocity arise mainly from the uncertainties in
shape factor of the sediment As shown in section 3.1.1 the fall velocity is a function of the
drag coefficient, which depends on the shape of the sediment particles.

In the calculation of the fall velocity for sand a typical value of the shape factor of
0.7 was used. However, if the shape factor varied between for example 0.6 and 0.8 the fall
veloeities would have been different as can be seen in table 4.4.

I
I

table 4.4 Fall veloeities for different values of the shape factor.

I
Fall velocity, w (mis)

Shape factor (-)

Dso (mm) 0.6 0.7 0.8

10.0 0.370 0.420 0.487

14.1 0.439 0.499 0.578

I
I
I
I

In the anthracite models the difference between the calculated and the actual fall
velocity will be even larger. This is a result of the angular shape of the anthracite partic1es.

A larger angularity is characterized by a smaller shape factor, which would result in
a smaller fall velocity. This means that the values of the mean beach slope calculated in the
anthracite model would correspond to larger values of HlwT and the data points would have
been shifted towards the right-hand-side of the graph in figure 4.15. This separates the data
points even further from the data points of the sand models,

This shows that the shape factor is an important factor in the parameter HlwT, because
of the influence on the fall velocity w. However the exact relation between partic1e angularity,
represented by the shape factor, and the fall velocity is still unc1ear and merits further study.

I
I
I
I

* Errors in HlwT.

I
I

The variation in HlwT resulting from the variation in HIT and in w is presented in
table 4.5. In order not to have unrealistic large variations in HlwT, it is assumed that the
maximum value of HIT does not occur together with the minimum value of w and vice versa.
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The values are presented in relation to the values of HlwT which were used before in the
analysis of the mean beach slope.

TOOle45 Variation in values of HIwT.

I Variation in HlwT

Values of H/wT sand model sand model sand model
used before. 1:10 1:21 1:30

0.198 0.175 - 0.225 0.171 - 0.219

0.238 0.205 - 0.240 0.217 - 0.270

0.298 0.278 - 0.338 0.282 - 0.338

0.340 0.322 - 0.386 0.293 - 0.346

0.357 0.344 - 0.405 0.341 - 0.405

0.397 0.399 - 0.451 0.372 - 0.451

0.476 0.504 - 0.541 0.447 - 0.541

0.501 0.458 - 0.546

0.510 0.494 - 0.579 0.440 - 0.524

0.601 0.519 - 0.633

0.680 0.686 - 0.772 0.664 - 0.772

0.751 0.720 - 0.854

0.859 0.730 - 0.742

0.902 0.802 - 1.03

1.29 1.08 - 1.11

1.72 1.41 - 1.48

I
I
I
I
I
I
I
I
I
I
I
I

* Errors in the depth of the profile.

Measurements of the depth of the profile were made with anormal ruler. This was a
very simple but still very accurate method. For example at locations above the maximum
wave run-up, where the height of the beach profile did not change, the measured height was
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indeed exactly the same every time. Measurement errors are therefore of the order of plus or
minus 1.0 mmo This corresponds to values of 0.01 to 0.03 m in prototype, depending on the
model scale.

I

The location of the measurement points along the profile was established from signs
on the side-wall of the tank. This was also reasonable accurate. Some problems in measuring
the height at the exact location were observed for the very steep slopes, caused by the small
horizontal plate at the end of the ruler. Errors in the location of the measurement points are
therefore of the order of plus or minus 10 mmo This corresponds 10 0.10 to 0.30 m in
prototype, depending on the scale of the model. All the measurement data of the depth of the
profile and their corresponding prototype values can be found in a separate volume: "The
evolution of beach profiles under random waves, Measurement data".

I
I
I
I

Errors in measurements of the depth of the profile or the location of the measurement
points therefore caused only minor errors in the values for the mean beach slope. Much larger
errors in the mean beach slope were introduced by the influence of the bottom and the low
wall at the top of the beach, as was mentioned before. Another factor influencing the value
of the mean beach slope is the irregularity in the profile beyond the breaker zone, due to the
formation of ripples. This is especially important in the 1:10 model. These irregularities made
it difficult to define the deepest point of the step.

I
I
I

In the fITStevaluation of the mean slope, only actually measured points of the profile
were used to calculate the mean beach slope. In order to get more reliable values for the mean

. beach slope, the profiles were evaluated again and the mean beach slope was calculated using
more realistic values for the berm crest and deepest point of the step. The analysis is
presented in the next section.

4~2.2.3 Revised evaluation of the meao beach slope.

I
I

In this section the beach profiles are re-analyzed in terms of the mean beach slope.
This time more realistic values were used for the height of the berm and the depth of the step.
Especially for the 1: 10 model estimated values were used for the berm crest elevation and the
deepening of the step, which would have occurred in absence of the wall and the bottom of
the tank.

Revised values for the mean beach slope are presented in table 4.6.I
I
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Evolution of beach profiles under random waves.

Table 4.6 Revised values lor the mean beach slope.

sand model 1:10 sand model 1:21 sand model 1:30

H/wT tan~ tan~ tan~

0.198 0.106 0.154

0.238 0.152 0.197

0.298 0.125 0.157

0.340 0.136 0.171

0.357 0.138 0.134

0.397 0.143 0.149

0.476 0.135 0.132

0.501 0.155

0.510 0.131 0.153

0.601 0.164

0.680 0.131 0.116

0.751 0.139

0.859 0.141

0.902 0.116

* The 1:10 sand model.

Figure 4.16 shows the values of the mean beach slope for the 1:10 model. In general
the new values are slightly smaller than those calculated previously. For comparison: The
average value of the mean beach slopes in the first analysis was:
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Evolution of beach proflles under random waves.

tanp - 0.150

while the average value for the new slopes was:

tanp - 0.133

I
I

The difference between these two values is about 12%
It is obvious that there are still many uncertainties in the values of the mean beach

slope and a clear relationship between tan~ and HlwT cannot be derived for the 1 :10 model.

* The 1:21 sand model.

I
I

For the 1:21 sand model, values of the mean beach slope are presented in figure 4.17.
There is a clear trend of decreasing slope for increasing HlwT. The value of tan~ for HlwT
= 0.198 however is an exception. This is a result of the absence of a berm at the beach in this
profile, where H, = 1.0 mand T, = 12.0 s (see appendix C). The absence of the berm can be
explained as follows:I

I
I
I
I
I
I

The parameter HlwT can be interpreted as the ratio of a parameter representing a
driving velocity to move the sediment partic1es (HIT) and a parameter representing a resisting
velocity, which forces the partiele back to its rest-posirion (w). However, in order to achieve
sediment motion the driving velocity must exceed a certain threshold velocity. If the ratio of
HIT to w becomes too small, the velocity to move the partic1e will be smaller than the
threshold velocity and no sediment transport will occur.

To give an indication of the magnitude of the threshold velocity, The Shields-
parameter is considered, which is defined as:

I
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e _ 't c

c (p B - p) gDso

where 'te is the critical value of the bed shear stress, at which sediment just begins to
move, p, is the density of the sediment, p is the density of water and D50 is the mean
diameter of the sediment. The threshold velocity is defined as:

U _~('tC)• P

Substitution into the Shields-parameter gives:

I
I

2e _ u. .
C IY gDso

where i = (Ps - p)/p.

I
I
I
I
I
I
I
I
I
I

Shields recomrnended a critical value for 6e of about 0.03 in uni-directional flow. This
gives a value of the threshold velocity of u. = 0.0697 mis.

The value of HIT in this experiment is equal to 0.0833 mis. This is indeed close to the
threshold velocity, which explains why there is hardly any sediment transport and
.consequently no development of a berm at the beach. For this reason the data point for H/wT
= 0.198 is excluded from the analysis.

Note: The Shields-parameter is derived for sediment transport in uni-directional flow and is
not absolutely valid in this case of oscillatory motion under waves. However it gives
a rough indication of the value of the threshold velocity of sediment motion.

A linear regression analysis was applied to the remaining data points in order to study
the relation between tan~ and H/wT. The result of this linear regression is a relationship
between these two parameters and aregression coefficient, which represents the extent to
which the mean beach slope is determined by H/wT.
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Evolution of beach proflles under random waves.

The relationship for this model reads:

tanp - -0.143*(....!i_) + 0.210wT

The regression coefficient for this relation is: r = -0.793.

I

Because of the threshold velocity of sediment motion this relation is only valid for
values of H/wT greater than 0.2. Obviously there is also an upper limit of H/wT for this
relationship, imposed by the critical value of H/wT between accretive and erosive conditions.
Although it remains unclear what the exact value of this upper limit is, it is at least 0.9,
because this was the value of H/wT in the 1:30 model for which still accretive conditions
were observed.

I
I

* The 1:30 sand model.

The mean beach slope for the 5 data points in the 1:30 model also shows a clear trend
of decreasing mean beach slope for increasing H/wT (see figure 4.18). The points are less
scattered than in the earlier analysis.

I
I
I

A linear regression for this model resulted in:

tanp - - 0.0904 * (....!i_) + 0.208wT

I
The regression coefficient, r was -0.841 which means that 84.1% of the value of the mean
beach slope is determined by the value of H/wT. However, as mentioned before, it is
dangerous to draw defmitive conclusions from only 5 data points.

I
I
I
I

* Comparison of the mean beach slope for the 1:21 and the 1:30 sand modeis.

Because the analysis of the beach profiles in both the 1:21 and the 1 :30 model showed
a decrease in tan~ for increasing values of H/wT, they are plotted together in figure 4.19. The
figure shows that the data points for the 1:30 model alllie above the ones for the 1:21 model,
but the trend is still the same.
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A linear regression applied to these 13 data points gave the following equation for the
mean beach slope as a function of HlwT:

tanp - -0.0687 * (_!!_) + 0.185wT

The regression coefficient is smaller than in the separate analyses of the two models and has
a value of r = -0.659. This shows that the relation between tanf3 and H/wT for the two
models together is not so good. One reason for the difference in the data can result from
scale-effects between the two models, which are very difficult to quantify.

4.2.2.4 Summary.

I In section 4.2.2. the analysis of the beach profiles is presented in terms of the mean
beach slope, which was defined as the average slope between the highest point of the berm
and the lowest point of the step.

Although relationships were derived between tanJ3 and HlwT for the 1:21 and the 1:30
sand models, the 1:10 sand model and the anthracite model did not show a relation between
these two parameters.

For the 1:10 model this is mainly caused by the influence of the wall and the bottom
of the tank. The exposure of the bottom of the tank also largely influenced the profiles in the
- anthracite model. However even more important in this model was the uncertainty in the fall
velocity due to uncertainties in the shape factor of the lighter anthracite. The different shape
factor is considered to be the most important reason for the very steep slopes observed in the
anthracite model.

I
I
I
I'
I
I
I
I
I
I

4.2.3 Analysis in terms of three cbaracteristic points of the beach proûle,

It was noted in section 4.2.2 that the mean beach slope is in general too
variabIe to use as a representation of the beach profile. From a practical point of view the
mean beach slope is not a very helpful parameter either, because it does not c1early describe
the shape of the new beach profile which will develop after a certain period of wave attack.
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Figure 4.20 Definition sketch of the three characteristic points. of
the beacb profile.
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Figure 4.21 The change of the shoreline position as a function of H/wT for the three
sand models.
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Evolution of beach profûes under random waves.

In order to be able to predict the new beach profile, if the sediment characteristics and
wave conditions are known, one needs to know the behaviour of the three characteristic points
of tbe beach profile (see figure 4.20):

The position of the new shoreline (A).
The location and the height of the berm crest (B).
The location and the deptb of the deepest point of tbe step (C).

If tbese three points are known witb respect to the initial profile, one can sketch the
new profile, assuming that at tbe top of the beach and at the seaward limit of ~tive motion
this profile approaches asymptotically the initial profile. This results from the.ûct tbat tbere
is no change in profile above the level of maximum wave run-up nor beyoDd the limit of
active motion. The limit of active motion is determined by the magnitude of the orbital
velocity at the bed and the threshold velocity of the sediment and tberefore by the wave
conditions, the water depth and the sediment characteristics.

For the three sand models the three characteristic points of the beach profile are
calculated and tabulated in appendix D2 and E2.

Note: The berm crest elevation, the deepening of the step and the position of the new
shoreline were calculated before, but like in the case of the mean beach slope a second
calculation was made, using more realistic values for the berm crest height and the
depth of the step.

I
I
I,

* Tbe shoreline position.

I
I
I
I,
I

The values for the position of the shoreline after 12.65 hours of profile evolution are
presented in figure 4.21 as a function of HlwT. The value for the experiment in the 1:30
model witb Hl = 6.0 m and T, = 7.0 s is not plotted, because this experiment was only
performed for 1.4 hours, corresponding to an evolution time of 6.32 ratber tban 12.65 hours.

For the 1:10 and the 1:21 models tbere is no relation at all between the advancement
of the shoreline and tbe parameter HlwT, apart from the fact tbat they all show accretion of
the beach at the shoreline. The data for the 1:30 model show a recession of the shoreline for
the larger values of HlwT. If the movement of the
shoreline is take as a criterion between erosive and accretive profiles, the critical value for
HlwT derived from tbese experiments would be about 1.0, the same value as recommended
by tbe Shore Proteetion Manual ('84).
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* The elevation of the berm crest.

I
I

Values for the elevation of the berm crest with respect to the initial profile are
presented in figure 4.22 again as function of H/wT. The data points are widely scattered. If
for the same reasons as in section 2.2.2.3 the berm crest elevation for H/wT = 0.198 is
excluded, the data points for the 1:21 model show a clear trend of decrease in berm height
for increasing H/wT. However this trend is not observed in the data of the other two models
and over-all there is not such a trend either. Thus it is clear that a relationship between berm
crest elevation and H/wT cannot be derived.

* The deepening of the step.

I
I

Values of the deepening of the step are even more scattered than those for the
elevation of the berm (see figure 4.23). This is partly a result of the difficulties in defining
the deepest point of the step and of the problems related to the exposure of the bottom. But
even for the 1:21 and the 1:30 modeis, which were not influenced by the bottom, there is no
relation at all.'I

I
I 4.3 Summary.

In chapter 4 the results of the experiments, performed in this project were presented.
All the experiments were performed under accretive conditions resulting in typical "step"
profiles. The characteristic features of this "step" profile are the development of a berm at the
beach, the deepening of a step in the breaker zone and advancement of the shoreline. Three
methods of analyzing the beach profiles were presented.

The method of empirical eigenfunctions was not very helpful in the analysis of the
beach profiles in this project, but would be useful for the analysis of field data.

The mean beach slope represented the beach profiles reasonable weIl for the 1:21 and
1:30 sand modeis, but did not show a good relation for the 1:10 sand model and the
anthracite model.

From a practical point of view it is desirabie to be able to predict the new beach
profile in terms of the three characteristic features. However it was impossible to find a
relation between the wave conditions and sediment characteristics, represented by H/wT, and
the parameters of the three characteristic points.
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The analysis of the beach proftles in the anthracite model showed large differences
with the sand models. These differences were mainly caused by the angularity of the
anthracite, which results in a different shape factor and consequently a different fall velocity.
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5 -Conclusions and recommendations.

Conclusions.

* The literature survey showed that it is still not known exactly what the
criterion is to distinguish between erosive and accretive beach profiles. The one which
is most widely used is the dimensionless fall velocity parameter, Htwî'. However the
critical value, which determines whether the net sediment transport is onshore or
offshore, remains uncertain.

* The literature review also showed that it remains unclear what the best way is
to scale the grain diameter of the sediment in a physical model. Many sealing laws
give contradictionary results. There are especially doubts about the validity of the use
of light-weight material in the model.

* A model scale of 1:10 in the large wave tank of the Hydraulics Laboratory of
Imperial College was too large for the amount of sediment available and the wave
conditions applied. The model beach must be about 1.0 m longer and the amount of
sediment needs to be at least twice as much in order not to have any influence on the
beach profile from the bottom of the tank or the wall at the top of the beach.

* Measurements of the depth of the profile can be performed accurate enough
using anormal ruler. Because of me many uncertainties in the factors influencing the
beach profile, like shape factor and fall velocity of the sediment, and the difference
between the measured depth and the actual global profile due to the formation of
ripples, there is no need for a more sophisticated measuring device.

* The method of empirical eigenfunctions is not very useful for the analysis of
beach profiles in laboratory experiments. This results from the fact that the mean
beach function in this analysis does not have a physical meaning, as it is the mean
profile of the artificially created initial profile and the consecutive profiles, which
develop under certain wave conditions.

The method is very helpful however in the analysis of field data.
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* The critical value for H/wT which is the criterion for the development of either
accretive or erosive beach profiles, is at least greater than 0.9, because in the
experiment with a value of H/wT = 0.90 the resulting beach profile still showed the
development of a berm, indicating accretive conditions. Above this value the
development of a berm was not observed, but the beach profiles did not show
significant erosion either.

Analysis of the position of the shoreline indicated a critical value of the
parameter H/wT of about 1.0. Around this value the process changed from shoreline
advancement to shoreline recession.

* There is no relation between the dimensionless fall velocity parameter, H/wT
and the elevation of the berm crest or the deepening of the step from the initial
profile.

Neither is there a relation between H/wT and the advancement of the shoreline
under accretive conditions.

* The mean beach slope, defined as the average slope between the highest point
of the berm and the lowest point of the step, decreases for increasing values of H/wT.
The reason is that if the value of H/wT becomes larger, the net onshore sediment
transport rate decreases, resulting in a lower berm and consequently a milder mean
beach slope.

* The shape factor is an important factor in the parameter H/wT, as it influences
the fall velocity of the sediment. Especially for different materials, like anthracite, the
value of this shape factor is unknown. This results in uncertainties about the
conditions which determine the evolution of the beach profile.

* Beach profiles in the sand models had not yet reached equilibrium after 4.0
hours of profile evolution, which correspond to 12.65 hours in prototype.

Anthracite is much more mobile than sand, resulting in a more rapidly change
in beach profile for anthracite models. Consequently the beach profile evolution attains
a state of equilibrium more rapidly.

* Anthracite models do not give arealistic representation of the beach profile in
reality. Especially above the still water level the differences are very large: Unrealistic
high berms and steep slopes developed This is mainly caused by the angularity of the
anthracite particles, represented by a smaller shape factor than for sand. This different
shape factor results in extremely large angles of repose and a very different beach
proftle.
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. Recommendations.

* Further study is required to establish the criterion to distinguish between
onshore and offshore sediment transport. At the moment the parameter HlwT is the
most widely used criterion, although the critical value remains uncertain.

* Many sealing laws are based on the preservation of the fall velocity of the
sediment. It must he investigated if the fall velocity is the correct parameter to
represent the sediment. If the particles are transported as bed-load or by saltation
rather than as suspended-load, the fall velocity is not important and a different
representation of the sediment in terms of density, grain diameter and other
characteristics has to be derived.

* In order to be able to use light-weight material in coastal movable-bed models,
more knowledge is required about the beach profile evolution and the sediment
transport mechanism in light-weight material models , Model data should preferably
be compared with field data.

More research is particularly needed on the shape factor of all the different
model materials (including sand) and its influence on the fall velocity, angle of repose
and beach profile.

* Finally, further study is required on the validity of distorted models. Distorted
models are sometimes used if the scale of the model requires such a small sediment
diameter that the sediment becomes cohesive and cannot he used in the model.
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Appendix A Sieve analysis.

Sieve analysis of the Gratie 3 anthracite.

D (mm) Weight (g) Weigltt (%) Cumulative
disuibution (%)

1.18 - 2.36 52.45 7.48 7.48

2.36 - 3.35 482.01 68.73 76.21

> 3.35 166.84 23.79 100.00

Tota!: 701.30
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The mean diameter, Dso, of the Gratie 3 anthracite is 3.0 mmo
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Sieve analysis of the Gratie 2 anthracite.

D(mm) Weight (g) Weight (%) Cumulative
distribution (%)

< 1.20 23.10 4.76 4.76

1.20 - 1.405 46.58 9.60 14.36

1.405 - 1.68 77.22 15.91 30.27

1.68 - 2.00 140.00 28.85 59.12

2.00 - 2.411 110.54 22.78 81.90

> 2.411 87.83 18.10 100.00

Total: 485.27
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The mean diameter, D50' of the Grade 2 anthracite is 1.9 mmo
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Sieve analysis of the BS 14/25 sand.

D(mm) Weight (g) Weight (%) Cumulative
distribution (%)

< 0.710 22.25 1.11 1.11

0.710 - 0.850 217.l3 10.81 1l.92

0.850 ~ l.00 747.70 37.23 49.15

l.00 - l.20 963.20 47.97 97.12

> l.20 57.71 2.87 99.99

Total: 2007.99

Sieve analysis Sand as 14/25
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The mean diameter, D50, of the BS 14/25 sand is 1.0 mmo
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Sieve analysis of the BS 22/60 sand.

D(mm) Weight (g) Weight (%) CumuIative
distribution (%)

< 0.250 3.72 0.289 0.289

0.250 - 0.420 252.16 19.61 19.90

0.420 - 0.500 570.45 44.37 64.27

0.500 - 0.600 284.50 22.13 86.40

0.600 - 0.710 159.63 12.42 98.81

> 0.710 15.26 1.19 100.00

Tota1: 1285.72
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The mean diameter. D50' of the BS 22/60 sand is 0.47 mmo
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Appendix B Wave data.

Sand model scale 1:30

File (.COL) Input data zero calibration MWL No. of H_, r,(s) H. (cm)
(volts) factor (cm/V (volts) zero (cm)

*10'~ crossings

M300070A H. = 3.0 m 2146 2.194 2138 470 5.228 1.277 8.170
T, = 7.0 s

M300070H H. = 3.0 m 2146 2.194 2018 485 4.577 1.237 7.414
T, = 7.0 s

M300100A H. = 3.0 m 2146 2.194 2018 359 5.400 1.671 8.494
T, = 10.0 s

M300100F H. = 3.0 m 2146 2.194 2026 364 5.310 1.648 8.461
T, = 10.0 s

M30012NA H. = 3.0 m 2146 2.194 2027 324 4.968 1.851 8.098
T, = 12.0 s

M30012ND H. = 3.0 m 2047 2.409 2016 329 5.359 1.825 8.828
T, = 12.0 s

M45007A H. = 4.5 m 2047 2.409 2014 465 7.544 1.292 12.08
T, = 7.0 s

M45007F H. = 4.5 m 2047 2.409 2013 461 7.159 1.300 11.42
T, = 7.0 s

M45010A H. = 4.5 m 2047 2.409 2011 361 8.871 1.662 13.97
T, = 10.0 s

M45010G H. = 4.5 m 2048 2.415 2030 358 9.034 1.679 14.21
T, = 10.0 s

M45012A H. = 4.5 m 1898 2.442 1879 322 8.667 1.868 14.19
T, = 12.0 s

M45012G H. = 4.5 m 1898 2.442 1876 316 8.244 1.889 13.34
T, = 12.0 s

M60007A H. = 6.0 m 1898 2.442 1879 448 9.707 1.340 15.26
Tz=7.0s

M60007D H. = 6.0 m 1898 2.442 1881 445 9.696 1.348 15.26
T, = 7.0 s
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Sand model scale 1:10

File Input data zero calibration MWL No. of H_, T, (s) H.
(.COL) (volts) factor (volts) zero (cm) (cm)

(cmN .1O-~ crossings

Ml00070A H. = 1.0 m 2009 1.950 1999 625 5.75 1.92 9.20
T, = 7.0 s

Ml00070D H. = 1.0 m 2015 1.966 2009 630 5.812 1.904 9.443
T, = 7.0 s

M 100 100B H. = 1.0 m 2251 1.609 2012 496 4.037 2.422 6.836
T, = 10.0 s

M 100 lOOF H. = 1.0 m 2251 1.609 2008 485 4.119 2.469 6.945
T, = 10.0 s

Ml00I20A H. = 1.0 m 2021 1.933 2010 409 4.624 2.938 7.844
T, = 12.0 s

Ml00120E H. = 1.0 m 2021 1.933 2007 418 4.471 2.870 7.710
T. = 12.0 s

M150070A H. = 1.5 m 2081 1.953 2076 629 8.939 1.907 14.51
T, = 7.0 s

MI500700 H. = 1.5 m 2081 1.953 2070 612 9.196 1.960 14.66
Tz = 7.0 s

M150100A H. = 1.5 m 2021 1.933 2004 472 7.831 2.541 13.16
T. = 10.0 s

M150100F H. = 1.5 m 2028 1.945 2006 475 7.928 2.524 13.35
T, = 10.0 s

M150120A H. = 1.5 m 1530 3.977 1363 398 7.639 3.011 12.87
T. = 12.0 s

M150120E H. = 1.5 m 1530 3.977 2009 397 14.46 3.023 24.14
T. = 12.0 s

M200070A H. = 2.0 m 2033 2.088 2011 621 12.50 1.931 20.10
T. = 7.0 s

M200070B H. = 2.0 m 2013 2.111 2013 617 12.73 1.946 20.57
T. = 7.0 s

M200 1OOA H. = 2.0 m 2013 2.111 2008 480 11.40 2.503 19.44
T. = 10.0 s

M200100E H. = 2.0 m 2005 2.126 2003 467 11.82 2.569 19.85
T. = 10.0 s

M200120A H. = 2.0 m 1947 2.135 1924 419 10.24 2.859 17.37
T, = 12.0 s

M200120F H. = 2.0 m 1947 2.135 1919 434 9.913 2.768 17.01
T, = 12.0 s
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Anthracite model scale 1:14

File Input data zero calibration MWL No. of H_ Ta (s) H.
(.COL) (volts) factor (cmN (volts) zero (cm) (cm)

*1()"~ crossings

M709486A H. = 1.0 m 1912 2.155 1902 678 4.421 1.771 7.004
T. = 7.0 s

M709186C H. = 1.0 m 1925 2.116 1628 676 4.351 1.775 6.889
T. = 7.0 s

M709266A H. = 1.0 m 1925 2.116 1909 563 3.784 2.133 6.180
T. = 10.0 s

M709266C H. = 1.0 m 1925 2.116 1909 548 3.856 2.189 6.213
T. = 10.0 s

M709320A H. = 1.0 m 1925 2.116 1909 508 3.363 2.361 5.734
T. = 12.0 s

M709320C H. = 1.0 m 1925 2.116 1908 520 3.392 2.306 5.848
T. = 12.0 s

MI06086A H. = 1.5 m 1925 2.116 1907 681 6.431 1.764 10.25
T. = 7.0 s

MI06186B H. = 1.5 m 1925 2.116 1907 683 6.450 1.758 10.33
T. = 7.0 s

MI06266A H. = 1.5 m 1925 2.116 1909 546 5.747 2.196 9.376
T. = 10.0 s

MI06266M H. = 1.5 m 2197 2.133 2178 557 5.991 2.154 9.814
T. = 10.0 s

MI06320A H. = 1.5 m 2194 2.110 2178 480 5.761 2.496 9.757
T. = 12.0 s

MI06320C H. = 1.5 m 2194 2.110 2173 478 5.802 2.510 9.788
T. = 12.0 s

M142186A H. = 2.0 m 2194 2.110 2174 710 8.425 1.689 13.29
T. = 7.0 s

M142186B H. = 2.0 m 2208 2.113 2189 718 8.523 1.671 13.44
T. = 7.0 s

M142266B H. = 2.0 m 2208 2.113 2181 558 7.596 2.152 12.42
T. = 10.0 s

M142320A H. = 2.0 m 2208 2.113 2181 493 7.158 2.430 12.21
T. = 12.0 s

M142320B H. = 2.0 m 2208 2.113 2180 489 7.295 2.453 12.50
T. = 12.0 s
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Sand model scale 1:21

File Input data zero calibration MWL No. of H_ Ta (8) H. (cm)
(.COL) (volts) factor (cmN (volts) zero (cm)

·10·~ crossings

M047152A H. = 1.0 m 2020 2.003 2023 408 2.548 1.470 4.112
Ta = 7.0 8

M047152F H. = 1.0 m 2020 2.003 2023 412 2.509 1.459 4.052
Ta = 7.0 8

M047217C H. = 1.0 m 2031 1.994 2030 322 2.580 1.863 4.217
Ta = 10.08

M047217H H. = 1.0 m 2031 1.994 2028 325 2.530 1.846 4.224
Ta = 10.08

M0472(fJA H. = 1.0 m 2031 1.994 2028 277 2.446 2.168 3.882
Ta = 12.08

M0472(fJC H. = 1.0 m 2040 2.003 2038 267 2.534 2.245 3.951
Ta = 12.08

M0705152 H. = 1.5 m 1969 2.116 1958 408 3.805 1.472 6.182
Ta = 7.0 8

M705152C H. = 1.5 m 1968 2.127 1958 410 3.816 1.461 6.226
Ta = 7.0 8

M705217A H. = 1.5 m 1968 2.127 2015 310 4.365 1.929 6.951
Ta = 10.08

M705217G H. = 1.5 m 2020 2.003 2026 307 4.149 1.955 6.(fJ8
Ta = 10.08

M7052(fJA H. = 1.5 m 1968 2.003 2015 285 3.849 2.105 6.270
Ta = 12.08

M7052(fJE H. = 1.5 m 1968 2.003 2013 279 3.970 2.151 6.395
Ta = 12.08

M94152A H. = 2.0 m 2025 2.164 2196 417 6.130 1.441 10.11
Ta = 7.0 8

M94152F H. = 2.0 m 2025 2.164 2187 408 6.257 1.470 10.12
Ta = 7.0 8

M94217B H. = 2.0 m 2025 2.164 2016 318 5.461 1.886 8.882
Ta = 10.08

M94217G H. = 2.0 m 2025 2.164 2015 319 5.455 1.882 8.884
r,= 10.08

M942(fJA H. = 2.0 m 2025 2.164 2016 275 5.243 2.173 8.397
Ta = 12.08

M942(fJE H. = 2.0 m 2038 2.151 2026 279 5.182 2.145 8.391
Ta = 12.08
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AppendixC Beach profile graphs.
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Appendix D Data on the berm and the
step of the beach profile.

Dl Elevation of the berm height and deepening of the step from the
initial profile.

Change in berm height. Sand model
(Calculated from initial profile). D50 = 10.0 mm

Hs = 1.0 m Hs = 1.0 m Hs = 1.0 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) äh (m) äh (m) äh (m) äh (m) äh (m) äh (m)

0 0 0 0 0 0 0

1.58 0.09 0.45 0.26 0.28 0.19 0.15

3.16 0.21 0.60 0.28 0.43 0.24 0.26

6.32 0.38 1.74 0.46 0.68 0.27 0.32

9.49 0.48 0.83 0.80 0.92 0.27 0.34

12.65 0.58 0.92 1.03 1.04 0.35 0.36

Change in berm height. Sand model
(Calculated from initial profile). D50 = 10.0 mm

Hs=1.5m Hs = 1.5 m Hs = 1.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) äh (m) äh (m) äh (m) äh (m) äh (m) äh (m)

0 0 0 0 0 0 0

1.58 0.28 0.38 0.26 0.34 0.27 0.53

3.16 0.29 0.55 0.37 0.34 0.34 0.96

6.32 0.48 0.66 0.49 0.62 0.34 1.11

9.49 0.73 0.74 0.75 0.79 0.39 1.21

12.65 0.83 0.81 0.96 0.89 0.55 1.30
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Change in berm height. Sand model
(Calculated from initial profile). 050 = 10.0 mm

Hs = 2.0 m Hs = 2.0 m Hs = 2.0 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) L1h(m) L1h(m) L1h(m) ~h (m) L1h(m) L1h(m)

0 0 0 0 0 0 0

1.58 0.28 0.043 0.34 0.66 0.30 0.53

3.16 0.22 0.11 0.39 0.70 0.34 0.72

6.32 0.34 0.19 0.62 0.70 0.42 0.75

9.49 0.53 0.23 0.83 0.75 0.59 0.92

12.65 0.79 0.30 1.15 0.87 0.81 1.02

Change in berm height. Anthracite model, scale 1:14
(Calculated from initial profile). Prototype 050 = 10.0 mmo

Hs = 1.0 m Hs = 1.0 m Hs = 1.0 m Hs = 1.5 m Hs=1.5m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s

t (hts) ~h (m) ~h (m) L1h(m) ~h(m) ~h (m)

0 0 0 0 0 0

1.88 1.85 1.79 1.68 1.92 2.42

3.75 2.13 1.89 2.12 2.28 3.00

5.63 2.21 1.96 2.24 2.41 3.19

Change in berm height. Anthracite model, scale 1:14
(Calculated from initial profile). Prototype 050 = 10.0 mmo

Hs = 1.5 m Hs = 2.0 m Hs = 2.0 m Hs = 2.0 m
Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

t (hts) L1h(m) ~h (m) ~h (m) ~h (m)

0 0 0 0 0

1.88 2.12 2.02 3.02 2.76

3.75 2.52 2.43 3.33 2.94

5.63 2.93 2.59
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Change in benn height. Sand model, scale 1:30
(CaIcu1ated from initiaI profile). Prototype 050 = 14.1 mmo

Hs = 3.0 m Hs = 3.0 m Hs = 3.0 m Hs =4.5 m Hs = 4.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s

t (hls) &1 (m) &1 (m) &1 (rn) &1 (m) &1 (m)

0 0 0 0 0

1.58 0.24 0.48 0.63 No benn ! 0.24

3.16 0.30 0.60 0.87 0.45

6.32 0.36 0.78 1.17 0.75

9.49 0.48 0.93 1.08 0.81

12.65 0.54 1.02 0.93 0.93

Change in berm height. Sand model, scale 1:30
(Calculated from initial profile). Prototype 050 = 14.1 mmo

Hs = 4.5 m Hs = 6.0 m Hs = 6.0 m Hs = 6.0 m
Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

t (hls) .:1h (m) .:1h (m) .:1h(m) &1 (m)

0 0

1.58 0.90 No berm ! No measurements!

3.16 0.75

6.32 0.84

9.49 1.02

12.65 1.17

Change in depth at step. Anthracite model, scale 1:14
(Calculated from initiaI profile). Prototype 050 = 10.0 mmo

Hs = 1.0 m Hs = 1.0 m Hs = 1.0 m Hs = 1.5 m Hs = 1.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s

t (hls) &1 (m) .:1h (m) .1h(m) öh (m) ~h (m)

0 0 0 0 0 0

1.88 -0.76 -0.89 -0.61 -0.80 -1.04

3.75 -0.80 -0.88 -0.80 -0.93 -1.37

5.63 -0.86 -0.94 -0.91 -0.97 -1.40
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Change in depth at step. Anthracite model, scale 1:14
(Calculated from initial profile). Prototype Dso = 10.0 mmo

Hs = 1.5 m Hs = 2.0 m Hs = 2.0 m Hs = 2.0 m
Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

t (hrs) àh (m) àh (m) àh (m) àh (m)

0 0 0 0 0

1.88 -1.03 -0.89 -1.31 -1.41 •• Bottom reached !

3.75 -1.31 -1.14 -1.42

5.63 -1.33 -1.28

I

Change in depth at step. Sand model, scale 1:30
(Calculated from initial profile). Prototype D50 = 14.1 mmo

Hs = 3.0 m Hs = 3.0 m Hs = 3.0 m Hs = 4.5 m Hs = 4.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s

t (hrs) ~h (m) àh (rn) ~h (rn) ~h (m) ~h (m)

0 0 0 0 0 0

1.58 -0.45 -0.57 -0.63 -0.24 -0.45

3.16 -0.48 -0.66 -0.66 -0.48 -0.33

6.32 -0.42 -0.78 -0.84 -0.60 -0.57

9.49 -0.48 -0.66 -1.05 -0.63 -0.66

12.65 -0.81 -0.78 -1.32 -0.60 -0.84

I
I
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I

Change in depth at step. Sand model, scale 1:30
(Calculated from initial profile). Prototype D50 = 14.1 mmo

Hs = 4.5 m Hs = 6.0 m Hs = 6.0 m Hs = 6.0 m
Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

t (hrs) ~h(m) ~h (m) ~h (m) ~h (m)

0 0 0

1.58 -1.08 -0.36 No measurements !

3.16 -1.17 -0.60

6.32 -1.08 -0.66

9.49 -1.41

12.65 -1.14

I
I
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Change in depth at the step. Sand model
(Calculated from initial profile). 0.50= 10.0 mm

Hs = 1.0 m Hs = 1.0 m Hs = 1.0 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) L1h(m) L1h(m) L1h(m) L1h(m) L1h(m) L1h(m)

0 0 0 0 0 0 0

1.58 -0.15 -0.38 -0.30 -0.49 -0.14 -0.30

3.16 -0.19 -0.43 -0.51 -0.83 -0.26 -0.64

6.32 -0.31 -0.49 -0.64 -1.02 -0.59 -0.68

9.49 -0.37 -0.51 -0.74 -1.21 -0.70 -0.77

12.65 -0.35 -0.47 -0.86 -1.28 -0.78 -0.92

I
I
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Change in depth at the step. Sand model
(Calculated from initial profile). 050 = 10.0 mm

Hs = 1.5 m Hs = 1.5 m Hs = 1.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) L1h(m) L1h(m) L1h(m) L1h(m) L1h(m) L1h(m)

0 0 0 0 0 0 0

1.58 -0.24 -0.36 -0.32 -0.58 -0.39 -0.68

3.16 -0.22 -0.45 -0.40 -0.45 -0.62 -0.70

6.32 -0.30 -0.58 -0.57 -1.09 -0.91 -1.02

9.49 -0.56 -0.64 -0.77 -1.09 -0.98 -1.60

12.65 -0.68 -0.53 -0.92 -1.06 -0.97 -1.64
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I Change in depth at the step. Sand model

(Calculated from initial profile). D~= 10.0 mm

Hs = 2.0 m Hs = 2.0 m Hs = 2.0 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) t\h (m) t\h (m) t\h (m) t\h (m) t\h (m) t\h (m)

0 0 0 0 0 0 0
J

1.58 -0.46 -0.40 -0.39 -0.56 -0.37 -0.79

3.16 -0.55 -0.40 -0.39 -0.77 -0.64 -0.64

6.32 -0.40 -0.34 -0.84 -0.92 -0.92 -1.32

9.49 -0.41 -0.30 -1.04 -0.85 -0.95 -1.32

12.65 -0.60 -0.32 -1.10 -0.96 -0.97 -1.57

I
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I &end modeI,~.
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Revised values for elevation of the berm and deepening of the step
related to H/wT.

Elevation of the berm related to H/wT

sand model 1:10 sand model 1:21 sand model 1:30

MI (m) .6h (m) .6h (m) .6h (m) .6h (rn) .6h (m)
H/wT (best) (variation) (best) (variation) (best) (variation)

0.198 0.35 0.31 - 0.39 0.36 0.36 - 0.72

0.238 1.03 0.97 - 1.03 1.04 0.98 - 1.04

0.298 0.47 0.40 - 0.55 1.15 1.15 - 1.21

0.340 0.58 0.56 - 0.58 0.91 0.86 - 0.91

0.357 1.01 0.96 - 1.01 0.83 0.83 - 0.87

0.397 0.69 0.60 - 0.81 0.88 0.79 - 1.00

0.476 0.96 0.85 - 1.13 0.81 0.76 - 0.87

0.501 1.04 0.93 - 1.08

0.510 0.79 0.79 - 0.83 0.63 0.63 - 0.68

0.601 1.16 1.02 - 1.16

0.680 0.72 0.70 - 0.75 0.30 0.28 - 0.32

0.751 1.17 0.99 - 1.17

0.859 0.60 0.54 - 060

0.902 0.90 0.90 - 0.97
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Deepening of the step related to HlwT.

sand model 1:10 sand model 1:21 sand model 1:30

Äh (m) Äh (m) Äh (rn) Äh (m) Äh (m) Äh (m)
HlwT (best) (variation) (best) (variation ) (best) (variation)

0.198 -0.61 0.61 - 0.78 -0.88 0.81 - 0.92

0.238 -0.68 0.61 - 0.75 -1.05 0.98 - 1.05

0.298 -0.87 0.78 - 1.17 -1.59 1.42 - 1.63

0.340 -0.32 0.32 - 0.39 -0.52 0.48 - 0.52

0.357 -0.87 0.68 - 0.98 -0.81 0.71 - 0.89

0.397 -1.10 1.10 - 1.70 -1.50 1.47 - 1.64

0.476 -1.20 1.00 - 1.30 -0.68 0.65 - 0.77

0.501 -1.15 0.98 - 1.38

0.510 -0.68 0.68 - 0.76 -0.63 0.53 - 0.66

0.601 -0.77 0.71 - 0.82

0.680 -0.55 0.55 - 0.68 . -0.27 0.27 - 0.41

0.751 -0.68 0.64 - 0.71

0.859 -0.69 0.47 - 0.78

0.902 -0.81 0.79 - 0.83
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Appendix E Data on the position of the shoreline.

El Advancement of the shoreline as a function of the evolution time.

Advancement of shoreline. Sand model
(A positive value indicates a wider beach) D50 = 10.0 mm

Hs = 1.0 m Hs = 1.0 m Hs = 1.0 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) Ily (m) Ily (m) Ily (m) Ily (m) Ily (m) Ily (m)

0 0 0 0 0 0 0

1.58 1.29 0.73 2.53 2.43 0.40 1.66

3.16 1.62 0.92 2.67 2.38 0.82 3.65

6.32 1.77 0.54 2.33 2.00 2.00 3.78

9.49 2.21 0.54 2.10 1.63 2.73 3.72

12.65 2.57 0.90 1.90 1.63 3.18 3.40

Advancement of shoreline. Sand model
(A positive value indicates a wider beach) D50 = 10.0 mm

Hs = 1.5 m Hs = 1.5 m Hs = 1.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) Ily (m) Ily (m) Ily(m) Ily (m) Ily (m) Ily (m)

0 0 0 0 0 0 0

1.58 0.143 2.13 2.62 1.94 1.60 4.26

3.16 0.124 1.75 3.08 1.35 2.50 3.98

6.32 0.168 1.50 3.15 1.63 2.90 3.88

9.49 0.142 1.46 3.12 1.76 2.82 3.95

12.65 0.149 1.46 3.17 2.08 2.58 3.65
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Advancement of shoreline. Sand model
(A positive value indicates a wider beach) D50 = 10.0 mm

Hs = 2.0 m Hs = 2.0 m Hs = 2.0 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) fly (m) fly (m) fly (m) fly (m) fly (m) Äy (m)

0 0 0 0 0 0 0

1.58 1.93 1.84 2.27 3.67 2.33 3.25

3.16 1.52 1.70 2.35 3.62 3.10 3.14

6.32 1.64 1.59 2.50 3.62 2.57 3.50

9.49 2.33 1.49 2.58 3.97 1.69 3.63

12.65 2.43 1.84 1.80 4.15 1.00 3.59

Advancement of shoreline. Anthracite model, scale 1:14
(A positive value indicates a wider beach.) Prototype D50 = 10.0 mmo

Hs = 1.0 m Hs = 1.0 m Hs = 1.0 m Hs = 1.5 m Hs = 1.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s

t (hts) fly (m) fly (m) Äy (m) fly (m) Äy (m)

0 0 0 0 0 0

1.88 7.12 3.53 5.48 7.84 7.33

3.75 8.23 4.20 6.38 8.81 9.33

5.63 9.33 4.87 6.80 9.52 9.87

Advancement of shoreline. Anthracite model, scale 1:14
(A positive value indicates a wider beach.) Prototype D50 = 10.0 mmo

Hs = 1.5 m Hs = 2.0 m Hs = 2.0 m Hs = 2.0 m
Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

t (hts) fly (m) fly (m) Äy (m) fly (m)

0 0 0 0 0

1.88 8.04 8.14 9.31 9.68

3.75 9.56 8.58 9.34 9.75

5.63 10.15 9.45
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Advancement of shoreline. Sand model, scale 1:30
(A positive value indicates a wider beach). Prototype D50 = 14.1 mmo

Hs = 3.0 m Hs = 3.0 m Hs = 3.0 m Hs = 4.5 m Hs = 4.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s

t (hts) lly (m) lly (m) lly (m) lly (m) lly (m)

0 0 0 0 0 0

1.58 0.66 3.92 3.50 1.20 2.10

3.16 0.49 3.80 3.38 0.60 2.05

6.32 -0.41 4.00 4.00 -0.136 2.05

9.49 -0.59 3.63 4.58 -0.50 1.75

12.65 -0.59 4.22 4.67 -1.72 2.00

Advancement of shoreline. Sand model, scale 1:30
(A positive value indicates a wider beach). Prototype D50 = 14.1 mmo

Hs = 4.5 m Hs = 6.0 m Hs = 6.0 m Hs = 6.0 m
Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

t (hts) lly (m) lly (m) lly (m) lly (m)

0 0 0

1.58 2.63 0.225 No measurements!

3.16 1.50 -0.3

6.32 1.67 -2.4

9.49 2.10

12.65 2.45
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E2 Revised data on the position of the shoreline, related to H/wT.

sand model 1:10 sand model 1:21 sand model 1:30

Äy (m) Äy (m) Äy (m) Äy (m) Äy (m) Äy(m)
H/wT (best) (variation) (best) (variation) (best) (variation)

0.198 3.18 3.10 - 3.25 3.40 3.40 -3.78

0.238 l.90 l.9O - 2.10 l.63 l.63 - 2.00

0.298 2.58 2.58 - 2.90 3.65 3.65 - 4.00

0.340 2.57 2.50 - 2.65 0.90 0.80 - 0.95

0.357 3.17 3.10 - 3.25 2.08 l.97 - 2.15

0.397 3.10 2.50 - 3.50 3.59 3.57 - 3.65

0.476 2.58 2.25 - 2.70 4.15 4.05 - 4.25

0.501 4.67 4.50 - 4.75

0.510 3.77 3.75 - 4.00 l.46 l.46 - l.75

0.601 4.22 4.15 - 4.30

0.680 2.43 2.35 - 2.50 l.84 l.78 - l.92

0.751 2.45 2.32 - 2.62

0.859 -0.59 0.50 - 0.65

0.902 2.00 l.75 - 2.10

l.29 -l.72 l.6O - l.80
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Appendix F Data on the mean beach slope.

Ft Mean beach slope as a function of evolution time.

Beach slope between highest point Sand model
of step and lowest point of berm. D50 = 10.0 mm

Hs = 1.0 m Hs = 1.0 m Hs = 1.0 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) tan~ tan~ tan~ tan~ tan~ tan~

0

1.58 0.0992 0.182 0.136 0.18 0.111 0.114

3.16 0.112 0.178 0.152 0.212 0.142 0.157

6.32 0.134 0.173 0.124 0.191 0.167 0.151

9.49 0.146 0.171 0.154 0.216 0.134 0.159

12.65 0.146 0.184 0.181 0.209 0.138 0.159

Beach slope between highest point Sand model
of step and lowest point of berm, D50 = 10.0 mm

Hs = 1.5 m Hs = 1.5 m Hs = 1.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) tan~ tan~ tan~ tan~ tan~ tan~

0

1.58 0.143 0.148 0.146 0.170 0.129 0.173

3.16 0.124 0.123 0.148 0.130 0.139 0.196

6.32 0.168 0.156 0.141 0.171 0.136 0.170

9.49 0.142 0.174 0.124 0.141 0.126 0.183

12.65 0.149 0.153 0.154 0.148 0.127 0.179
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Beach slope between highest point Sand model
of step and lowest point of berm. 050 = 10.0 mm

Hs = 2.0 m Hs = 2.0 m Hs = 2.0 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

1:10 1:21 1:10 1:21 1:10 1:21
model model model model model model

t (hrs) tan~ tan~ tan~ tan~ tan~ tan~

0

l.58 0.156 0.114 0.157 0.187 0.173 0.183

3.16 0.163 0.116 0.147 0.169 0.171 0.170

6.32 0.130 0.108 0.1 0.127 0.154 0.129.
9.49 0.119 0.117 0.159 0.137 0.128 0.131

12.65 0.148 0.111 0.165 0.139 0.139 0.141

I
I

I
I
I

Beach slope between highest point Anthracite model, scale 1:14
of berm and lowest point of step Prototype 050 = 10.0 mmo

Hs = l.0 m Hs = l.0 m Hs = 1.0 m Hs = 1.5 m Hs = 1.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s

t (hls) tan~ tan~ tan~ tan~ tan~

0

1.88 0.250 0.204 0.160 0.248 0.171

3.75 0.276 0.206 0.192 0.257 0.219

5.63 0.264 0.219 0.202 0.228 bottom!

I
I
I
I
I

I

Beach slope between highest point Anthracite model, scale 1:14
of berm and lowest point of step Prototype 050 = 10.0 mmo

Hs = 1.5 m Hs = 2.0 m Hs = 2.0 m Hs = 2.0 m
Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

t (hls) tan~ tan~ tan~ tan~

0

1.88 0.179 0.157 0.187 bottom!

3.75 0.205 0.183 0.243 bottom!

5.63 0.235 0.195 bottom! bottom!

I
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Beach slope between highest point Sand model, scale 1:30
of benn and lowest point of step Prototype D50 = 14.1 mmo

Hs = 3.0 m Hs = 3.0 m Hs = 3.0 m Hs =4.5 m Hs =4.5 m
Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s

t (hrs) tanf3 tanf3 tanf3 tanf3 tanf3
0

1.58 0.123 0.166 0.156 No benn! 0.0963

3.16 0.126 0.137 0.144 0.100

6.32 0.126 0.169 0.150 0.107

9.49 0.140 0.133 0.128 0.112

12.65 0.150 0.138 0.187 0.110

I
I
I
I
I
I
I Beach slope between highest point Sand model, scale 1:30

of berm and lowest point of step Prototype D50 = 14.1 mmo

Hs = 4.5 m Hs = 6.0 m Hs = 6.0 m Hs = 6.0 m
Tz = 12.0 s Tz = 7.0 s Tz = 10.0 s Tz = 12.0 s

t (hts) tanf3 tanf3 tanf3 tanf3
0

1.58 0.152 No berm ! No measurements!

3.16 0.141

6.32 0.132

9.49 0.119

12.65 0.117

I
I
I
I
I
I
I
I
I
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F2 Revised beach slopes related to H/wT.

sand model 1:10 sand model 1:21 sand model 1:30

tan~ tan~ tan~ tanp tan~ tan~
H/wT (best) (variation) (best) (variation) (best) (variation)

0.198 0.106 0.106 - 0.121 0.157 0.104 - 0.164

0.238 0.152 0.122 - 0.181 0.197 0.179 - 0.209

0.298 0.125 0.118 - 0.132 0.157 0.137 - 0.179

0.340 0.136 0.117 - 0.127 0.171 0.160 - 0.184

0.357 0.138 0.127 - 0.142 0.134 0.133 - 0.166

0.397 0.143 0.129 - 0.156 0.149 0.139 - 0.162

0.476 0.135 0.123 - 0.165 0.132 . 0.122 - 0.139

0.501 0.155 0.139 - 0.163

0.510 0.131 0.120 - 0.143 0.153 0.145 - 0.162

0.601 0.164 0.155 - 0.181

0.680 0.131 0.119 - 0.148 0.116 0.105 - 0.125

0.751 0.139 0.127 - 0.149

0.859 0.141 0.133 - 0.150

0.902 0.116 0.108 - 0.119
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Appendix G Computer program for eigenfunction
analysis and results.

I The subroutines in this program, which reduces the matrices to their tridiagonal form
and derive the eigenvalues and eigenveetors of the matrices are taken from:

I
I

Press, W. H. (1986) Numerical Recipes: The art of scientific computing (Fortran version),
Cambridge University Press.

I
c····················································· .

PROGRAM EIGENVALUE

I
I
I

c
cC····················································· .
C This program generates the spatial and
C temporal correlation matrices from data
C for the depth of the beach profile. It also
C calculates the eigenvalues and eigenveetors
C of these matrices.C····················································· .
C

I
I

INTEGER NX,NT.x,T,IJ
REAL H,HELP,A,B,MA,MB,DA,EA,DB,EB
REAL PERX,PERT,PARTX,PARTT,SUM
PARAMETER (NP = 50)
DI:MENSIONDA(NP),DB(NP),EA(NP),EB(NP)
DI:MENSIONH(50,50),HELP(50,50)
DI:MENSIONA(NP,NP),MA(NP,NP)
DI:MENSIONB(NP,NP),MB(NP,NP)
DI:MENSIONPERX(NP),PERT(NP),PARTX(NP),PARTT(NP)

I C
OPEN (100, FILE = 'datal-7.dat')
OPEN (200, FILE = 'neigl-7.dat')

I C

I
C····················································· .
C Read the values for the depth or
C elevation of the beach profile,
C h(xt) as a function of distance
C from the shoreline and time, and
C count the number of points along
C the profile (nx) and the number
C of recorded profiles (nt)
C····················································· .I

I
I

C
X=O
T=O
NX=O
NT=O

5 T = T+l
6 X = X+l

I
I



I
I
I
I

READ (100,10) HELP(X,n
IF (HELP(X,n.NE.100) THEN

IF (HELP(X,n.NE.1000) THEN
NX =NX+1
H(X,n = HELP(X,n
GOT06

ELSE
NT = NT+1

ENDIF
ELSE

NT = NT+1
X=O
NX=O
GOT05

ENDIF

I
I
I 10

C
FORMAT (F12.2)

I
WRITE (200,30) NX
WRITE (200,40) NT

I
I

C
30 FORMAT ('The number of points along the profile, nx = ',12)
40 FORMAT ('The number of profiles recorded,' ,8X:nt = ',12)
CC····················································· *••••
C Calculate the spatial and temporal
C correlation matrices and the som of
C the diagonal elements of each matrix
C which is equal to the som of all the
C eigenvalues and represents the totaI
C meao square value of the data.I C····················································· *••••••••••••••••••••

I C
C

I
00 I = 1,NX

00 J = 1,NX
A(I) = 0.0
OOT = l,NT

A(I) = A(I) + (H(I,n·H(J,n)
END 00
A(I) = A(I)/(NX·Nn
MA(I) = A(I)

END 00
END 00

I
I C

I
I

SUM =0.0
00 I = 1,NX

SUM = SUM + A(lJ)
END 00
WRITE (200,·)
WRITE (200,·)
WRITE(200~0)SUM

I

C
20
C

FORMAT ('The totaI meao square value of the data is ',F8.3)

C··································*·················· .
I
I



I
I
I
I
I
I
I
I
I
I C

C
C
C
C
C
C
C

.C
C
C
C
C
C

I
I
I
I
I
I
I
I
I
I

DO I = 1,NT
DO J = 1,NT

B{I)) = 0.0
DO X = 1,NX

B{I)) = B{I,]) + (H(X,I)·H(X)))
END DO
B{I)) = B{I,])/(NX·NT)
MB{I)) = B{I,])

END DO
END DO

C
CC····················································· .
C In order to calculate the eigenvalues
C and eigenveetors of the matrices
C the matrices are reduced to a
C tridiagonal form.C····················································· .
C
C

CALL TRED2(MA,NX,NP ,DA,EA)
CALL TRED2(MB,NT,NP ,DB,EB)

C
CC····················································· .

Calculate the eigenvalues and eigen-
vectors of matrices A and B by using
the tridiagonal matrices, just generated
and calculate for each eigenvalue the
percentage of the meao square value of
the data and the percentage of the largest
eigenvalue representing the varianee from
the meao (beach) functioo.

Write the 5 largest eigenvalues of the
spatial correlation matrix to a file.
(The eigenvalues of the temporal
correlation matrix are the same). Write
the corresponding eigenveetors to a file,C····················································· .

C
CALL TQLI(DA,EA,NX,NP,MA)

CC····················································· .
C

DO I = NX,NX-4,-l
PERX{I) = (DA{I)/SUM)·lOO
IF (I.NE.NX) THEN

PARTX{I) = lOO*PERX{I)/(lOO-PERX(NX)
ENDIF

END DO
CC····················································· .
C

WRITE (200,·)
WRITE (200,50)



I
I WRITE (200,·)

00 I = NX,NX-4,-l
WRITE (200,·)
WRITE (200,60) I,DA(I),PERX(I)
IF (I.NE.NX) THEN

WRITE (200,65) PARTX(I)
ENDIF

END 00

I
I
I

CC····················································· .
C

I
00 I = NX,NX-4,-l

WRITE (200,·)
WRITE (200,80)
WRITE (200,85) I,DA(I)
WRITE (200,·)
00 J = 1,NX

WRITE (200,90) MA(J,I)
END 00

END 00

I
I C

CC····················································· *••••••••••••••••••••I C
CALL TQLI(DB,EB,NT,NP,MB)

I
CC····················································· .
C

I
00 I = NT,NT-4,-l

PERT(I) = (DB(I)/SUM)·lOO
IF (I.NENT) THEN

PARTT(I) = lOO*PERT(1)/(lOO-PERT(NT»
ENDIF

END 00I
I

·C

C····················································· .
C

I
00 I = NT,NT-4,-l

WRITE (200,·)
WRITE (200,80)
WRITE (200,85) I,DB(I)
WRITE (200,·)
00 J = 1,NT

WRITE (200,90) MB(J,I)
END 00

END 00
I
I C

I
C····················································· .
C
50
60
65
70
80
85
90

FORMAT ('The eigenvalues of the spatial correlation matrix are:')
FORMAT ('Lambda(' ,12,')' ,10X,'= ' ,F9.4,4X,F8.4,'%')
FORMAT ('Percentage of rest = ',13X,F6.2,'%')
FORMAT ('The eigenvalues of the temporal correlation matrix are:')
FORMAT ('The eigenvector corresponding 10 the')
FORMAT (I2,'th eigenvalue, lambda = ',F9.4,' is:')
FORMAT (F9.4)

I
I
I



I
I
I

END
C
CII ##111#########1########1##11##11##########11 #####I##############tHt##################
C
C

I SUBROUTINE TRED2(A,N,NP ,D,E)
C
C****·······***********************************************************************.******

I
I
I

C This subroutine reduces the matrices
C te their tri-diagonal fonn.
C**********************************·*****************·************************************
C

I
I

REAL A,D,E
PARAMElER (NP = 50)
DIMENSION A(NP ,NP),D(NP),E(NP)
lP (N.GT.l) THEN

00 18 1= N,2,-1
L = 1-1
H=O.
SCALE = O.
lP (L.GT.l) THEN

00 11 K =1,1..
SCALE = SCALE + ABS(A(I,K))

11 CO~
lP (SCALE.EQ.O.) THEN

E(I) = A(I,L)
ELSE

00 12 K =1,1..
A(I,K) = A(I,K)/SCALE
H = H+A(I,K)**2

12 CO~
F = A(I,L)
G = -SIGN(SQRT(H),F)
E(I) = SCALE*G
H = H-F*G
A(I,L) = F-G
F= O.
00 15 J = 1,1..

A(J,I) = A(I))/H
G=O.
00 13 K = 1)

G = G+A(J ,K)*A(I,K)
13 CO~

lP (L.GT J) THEN
00 14 K = J+l,L

G = G+A(KJ)* A(I,K)
14 CO~

END lP
E(J) = G/H
F = F+E(J)* A(IJ)

15 CO~
HH = F/(H+H)
00 17 J =1,1..

F = A(IJ)
G = E(J)-HH*F
E(J) = G

I
I
I
I
I
I
I
I
I

I
I



I
I

I

00 16 K = 1)
A(J,K) = A(J,K)-F*E(K)-G·A(I,K)

16 CONTINUE
17 CONTINUE

ENDIF
ELSE

E(I) = A(I,L)
ENDIF
D(I) = H

18 CONTINUE
ENDIF
0(1) = O.
E(l) = O.
00 23 I = 1,N
L = 1-1
IF (D(I).NE.O.)UIEN

00 21 J = 1,1...
G=O.
00 19K = 1,L

G = G+A(I,K)· A(K))
19 CONTINUE

00 20 K = 1,L
A(K)) = A(K))-G· A(K,I)

20 CONTINUE
21 CONTINUE

ENDIF
D{I) = A(I,I)
A(I,I) = 1.
IF (L.GE.l) TIlEN

00 22 J = 1,1...
A{I)) = 0
A(J,I) = 0

22 CONTINUE
ENDIF

23 CONTINUE
RETURN
END

I
I
I
I

I
I
I
I
I
I
I
I

C
C##1I1111 #I 1111#I 11111111#I #11111#1#1#1#111#11111#1#1#############################
C

SUBROUTINE TQLI(D,E,N,NP;Z)
CC····················································· .
C This subroutine calculates the
C eigenvalues and the corresponding
C eigenveetors of the matrices.

I C····················································· .
C

I
I

C

REAL D,E;Z
PARAMElER (NP = 50)
DIMENSION D(NP),E(NP);Z(NP,NP)

IF (N.GT.l) TIlEN
00 11 1= 2,N

E(I-l) = E{I)
CONTINUE11

I
I



I
I E(N)=O

I
DO 15 L = 1.N

ITER = 0
1 DO 12 M = L.N-l

DD = ABS(D(M)+ABS(D(M+l»

I IF (ABS(E(M»+DD.EQ.DD) GO TO 2
12 CONTINUE

M=N

I 2 IF (M.NE.L) THEN
IF (ITER.EQ.30)PAUSE 'too many iterations'
ITER = ITER+1

I
G = (D(L+l)-D(L»/(2.*E(L»
R = SQRT(G**2+1.)
G = D(M)-D(L)+E(L)/(G+SIGN(R,G»
S = 1.

I C=l.
P=O.
DO 14 1= M-l,L,-1

I
F = S*E(I)
B = C*E(I)
IF (ABS(F).GE.ABS(G» THEN

C=G/F

I R = SQRT(C**2+1.)
E(I+l) = F*R
S = lJR

I
C = C*S

ELSE
S = F/G
R = SQRT(S**2+1.)

I E(I+l) = G*R
C = l./R
S = S*C

I ENDIF
G = D(I+l)-P
R = (D(I)-G)*S+2.*C*B
P= S*R

I D(I+l) = G+P
G = C*R-B
DO 13 K = 1.N

I F = Z(K,I+l)
Z(K,I+l) = S*Z(K,I)+C*F
Z(K,I) = C*Z(K,I)-S*F

I
13 CONTINUE
14 CONTINUE

D(L) = D(L)-P
E(L) = G

I E(M) = 0
GOTO 1

ENDIF

I 15 CONTINUE
ENDIF
RETIJRN
END

I
I
I



I
I The number of points along the profile, nx = 41

I
The number of profiles recorded, nt = 9

The tota1 mean square value of the data is 178.234

I The eigenvalues of the spatial carelation matrix are:

I Lambda(41) = 177.7915 99.7520%

Lambda(40) = 0.3056 0.1714%

I Percentage of rest = 69.11%

Lambda(39) = 0.0701 0.0393%

I Percentage of rest = 15.85%

Lambda(38) 0.0235 0.0132%=

I
Percentage of rest = 5.32%

Lambda(37) = 0.0136 0.0076%
Percentage of rest = 3.08%

I
I The spatial eigenvectors are:

e(41) e(40) e(39) e(38) e(37)

I 0.1706 0.1506 0.0476 0.0112 0.0087
0.1533 0.1507 0.0456 -0.0005 -0.0065

I 0.1382 0.1315 0.0254 -0.0013 0.0341
0.1293 0.1006 0.0364 0.0201 0.0081
0.1133 0.0854 0.0339 -0.0139 0.0031

I
0.1010 0.0285 -0.0287 0.0088 0.0168
0.0991 -0.2467 -0.0201 -0.0577 -0.0292
0.0983 -0.4504 0.0356 -0.0308 -0.0435
0.0781 -0.3753 0.0984 -0.0624 -0.0162

I 0.0480 -0.3273 0.0795 -0.0364 -0.0413
0.0246 -0.2642 0.0441 -0.0547 -0.0718
-0.0019 -0.1885 -0.0251 0.0225 -0.1504

I
-0.0298 -0.1010 -0.1078 0.0088 -0.2173
-0.0487 -0.0261 -0.0989 0.0320 -0.1327
-0.0745 0.0394 -0.6260 -0.2709 -0.1982
-0.0954 0.2527 -0.1442 -0.1794 0.0756

I -0.0969 0.2010 -0.1129 -0.0152 0.0965
-0.0949 0.0861 0.0038 0.0037 0.1204
-0.0962 0.0650 0.0306 0.0957 0.0511

I -0.1018 -0.0151 -0.0929 -0.2797 -0.0737
-0.1093 -0.0422 0.2175 0.0755 0.2741
-0.1137 0.0139 0.3083 -0.1762 -0.2237
-0.1236 -0.0483 -0.0774 0.1257 0.2216

I -0.1374 0.0830 0.3958 -0.0788 -0.0807
-0.1408 0.0034 0.1313 0.1282 0.2892
-0.1535 0.1170 0.2235 0.2286 -0.6645

I
I



I
I -0.1656 0.1704 0.3084 -0.3055 0.0614

-0.1744 0.1078 -0.1005 0.5316 -0.1506

I -0.1797 0.0593 0.0820 -0.4980 -0.0624
-0.1915 0.0594 -0.1178 0.0278 -0.1471
-0.1912 0.0928 0.0523 -0.0185 -0.1155

I -0.1996 -0.0083 -0.0242 0.0760 0.0789
-0.2047 0.0056 -0.0150 0.0369 0.0371
-0.2113 -0.0428 -0.0452 0.1373 0.1302

I
-0.2196 -0.0551 -0.0733 -0.0297 -0.0382
-0.2265 -0.1445 -0.0041 0.0141 -0.0204
-0.2315 -0.1363 -0.0160 0.0010 -0.0141
-0.2379 -0.1237 -0.0402 -0.0308 0.0772

I -0.2469 -0.0772 -0.0608 0.0007 0.0700
-0.2614 -0.0536 0.0006 -0.0752 0.0765
-0.2701 -0.1544 -0.0209 0.0756 0.0979

I
I The tempora} eigenvectors are:

I e(9) e(8) e(7) e(6) e(5)

I
-0.3141 0.6256 0.3310 -0.1431 -0.3016
-0.3194 0.4092 0.2442 0.5213 0.4618
-0.3247 0.2101 -0.1648 -0.5374 -0.2200
-0.3293 0.0591 -0.4278 -0.1818 0.0734

I -0.3335 -0.0269 -0.4318 -0.0493 0.4002
-0.3372 -0.1222 -0.3208 0.3819 -0.1202
-0.3434 -0.2757 0.0673 0.3845 -0.6249

I
-0.3462 -0.3599 0.1356 -0.0906 0.0619
-0.3504 -0.4152 0.5553 -0.2857 0.2703

I
I
I
I
I
I
I
'I
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Appendix H Data on measurement errors in
wave height and periode

Variation in Hl T due to differences between input data and recorded values

Input Recorded values.

1:10 error 1:21 error 1:14 error 1:30 error
sand (%) sand (%) anthr. (%) sand (%)

0.083 0.084 2.00 0.083 -2.58 0.091 14.28
0.085 0.081 0.095

0.100 0.089 -11.05 0.101 5.50 0.109 8.80
0.089 0.106 0.107

0.125 0.135 8.16 0.137 9.92 0.147 17.44
0.137 0.146

0.143 0.152 9.73 0.129 -10.36 0.149 3.92
0.157 0.128 . 0.146

0.150 0.164 11.53 0.166 10.80 0.160 14.07
0.167 0.156 0.171

0.167 0.192 16.58 0.178 8.82 0.189 14.78
0.194 0.181 0.191

0.200 0.246 22.8 0.217 8.85 0.217 8.35
0.244 0.218

0.214 0.241 12.27 0.194 -9.61 0.218 2.94
0.237 0.197 0.221

0.250 0.240 -4.16
0.265 5.96

0.286 0.329 17.01 0.324 13.27 0.296 5.71
0.334 0.293 0.302

0.300 0.278 -7.33
0.281

0.375 0.416 10.96
0.387

0.429 0.350 -25.24
0.320

0.450 0.460 3.02
0.464

0.643 0.5121 -26.08
0.4752

0.857 0.624 -27.66
0.620
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Appendix I Porosity of the sediment.

Measurements of the porosity were performed, using a small container with a content
of 224 litre. The results are presented in the following tables.

Sand BS 14/25

Total Volume of porosity
volume (1) water (1) (%)

2.24 0.881 39.3

2.24 0.831 37.1

2.24 0.891 39.8

average: 38.7

Sand BS 22/60

Total Volume of porosity
volume (1) water (1) (%)

2.24 0.853 37.3

2.24 0.832 37.1

2.24 0.831 37.1

average: 37.2

Anthracite Grade 3

Total Volume of porosity
volume (1) water (1) (%)

2.24 1.044 46.6

2.24 1.005 44.9

2.24 1.018 45.4

average: 45.6
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