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BSTRACT

This master’s thesis is written using data from experiments performed in the
framework of the Human Capital and Mobility program of the European Union. Six
universities work together to solve some of the unknown aspects related to the use of
submerged breakwaters along sandy coasts.

In this study data from 2DV tests carried out in Delft and Barcelona are used, from
Delft are taken the morphological data and from Barcelona the velocity
measurements. By varying the wave height and the wave period of the incoming wave
the influence of these parameters on hydro- and morphodynamics are investigated. To
analyse the performance of submerged breakwaters in beach profile morphodynamics
the following parameters characterising beach changes are analysed; erosion volume,
shoreline retreat, beachface slopes, developed profiles, bottom height change and
cross shore transport rate.

The influence of the wave height on the development of the profile is very clear, a
larger wave height showing a larger change. The influence of the wave length is less
evident and contrary to expected. A larger wave length is causing larger changes. The
breakwater is in general reducing the changes of the beach profile, having a larger
influence on the steeper and higher incoming waves.

The validity of an energetic transport model (Bailard) and a hydro-morphodynamic
numerical model (UNIBEST TC) is verified for these experiments. The transport
volumes calculated from the bottom profile changes measured in Delft are compared
with transport volumes calculated from the velocity measurements in Barcelona, using
the Bailard formula, and with transport volumes calculated with UNIBEST TC. The
transport volumes measured in Delft are in general larger than the calculated transport
volumes. The quantity of the calculated transport volumes is restricted by the
maximum values for the transport coefficients applied in the Bailard formula and
UNIBEST TC, taken from the literature.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

A lot of sandy coasts all over the world have to contend with erosion. There has been
looked for different solutions to stop or reduce this erosion. This is especially
important if the hinterland has a large economic importance. In several countries a
common method to undo this erosive effects is to compensate the lost sediment by
beach nourishment. As this is an expensive method and it has to be repeated endlessly
there has been searched for other solutions. One of these is the application of
submerged shore parallel breakwaters. The aim of these breakwaters is to reduce or
stop the erosion by influencing the wave characteristics of the incoming waves while
they pass over the breakwater and forming an impassable barrier for particles moving
on the bottom.

In the framework of the Human Capital and Mobility program of the European Union
six universities work together to solve some of the unknown aspects related to the use
of submerged breakwaters along sandy coasts. Several experiments have been
performed to investigate the influence of a submerged breakwater on hydrodynamical
and morphological processes.

1.2 The ‘dynamics of beaches’ project

This master’s thesis is written with the use of data obtained in experiments performed
as part of the Dynamics of Beaches project. The Dynamics of Beaches project is a part
of the HCM-framework. This particular project is a co-operation of six European
universities, viz.:

- Aristotle University of Thessaloniki (Greece)

- University of Gent (Belgium)

- University of Liverpool (United Kingdom)

- University College of Cork (Ireland)

- Delft University of Technology (The Netherlands)

- Universitat Politécnica de Catalunya (Spain)

The objectives of the Dynamics of Beaches project are to improve the existing
knowledge on physical processes pertaining to the nearshore region (including the

surfzone), without and with a submerged breakwater by generating high quality data.

At different universities have been performed tests concentrating on a certain aspect
of the investigations. In this master’s thesis data from 2 DV tests carried out in Delft




and in Barcelona are used. In Delft the main aim was looking at the morphological
response of the profile applying wave fields with different characteristics and
repeating the tests for the case without and with breakwater. In Barcelona the
hydrodynamic characteristics have been measured, applying wave fields with the
same characteristics as in the Delft experiment and performed as well for the case
without and with breakwater.

1.3 Aims of this study

To analyse the performance of submerged breakwaters in beach profile
morphodynamics using experimental data. To do this different parameters
characterising beach changes are analysed (erosion volume, shoreline retreat,
beachface slopes, developed profiles, bottom height change and cross shore transport
rate).

An additional objective is to analyse the performance of an energetic transport model
(Bailard) to predict ‘real’ transport rates. Additionally this was also done with a full
model (including wave propagation and hydrodynamics) UNIBEST_TC.

1.4 Layout

In the next chapter the effectivity of a submerged breakwater and the in these
experiments used breakwater is described. The experimental set-up of the experiments
in Delft and in Barcelona and the performed measurements are given in Chapter three.
In Chapter four the in Delft obtained morphological data are analysed using the
following parameters; erosion volume, shoreline retreat, beachface slopes, developed
profiles, bottom height change and cross shore transport rate, concentrating on the
effect of the submerged breakwater. A short description of existing types of cross
shore profile models is given in Chapter five, finishing with a more extensive
description of the here used model UNIBEST_TC. In Chapter six a description and
the results of the carried out analysis comparing the cross shore transport volumes is
given. This comparison is done using transport rates derived from the morphological
Data in Delft, from the calculation with the Bailard formula using the velocity data
from Barcelona and from the application of UNIBEST _TC. In the last chapter (seven)
conclusions are drawn and recommendations are given.



CHAPTER 2 SUBMERGED BREAKWATERS

2.1 Introduction

This chapter will start with a short description of the type of breakwater relevant for
the experiments. Which is an offshore breakwater parallel to the shore. The influence
of the breakwater on the hydraulic performance of the waves with the energy balance
of Powell and Allsop (1985) will be mentioned in the first paragraph. In the second
paragraph the effectiveness of submerged breakwaters and the influence of the
different parameters on this effectiveness is described and the chapter will conclude
with a description of the breakwater as was used during the experiment.

Offshore breakwaters parallel to the shore can be useful if the cross-shore sediment
transport mode prevails. They can be used to protect the beaches from strong eroding
wave action. They influence the profile because the wave characteristics change while
passing them and as well because they form an impassable barrier for particles
moving on the bottom. The functionality of a breakwater is its capacity for dissipating
the energy of the incident wave. The higher the hydraulic efficiency of the structure,
the lower will be the amount of energy transmitted to the protected zone. Of these
breakwaters there are two types: submerged or reef breakwaters and emerging
breakwaters.

The advantages of submerged breakwaters are:

- Their influence on the waves is depending on the size of the waves, the influence is
larger on the larger waves. During normal weather circumstances, with low energy
waves, the waves can pass and there will be a better water exchange between the inner
and outer zones of the submerged breakwater, which reduces the waterlogging area.

- Because the water can pass over them, they can be built as continuous structures,
thus avoiding the gaps in which there will be a strong seadirected flow. This is a
theoretical point, since when this is put in practice the expenses rise too much.

- They do not spoil the aesthetic aspect of the beach.

- They may result more economic than emerging structures.

The disadvantages of submerged breakwaters are:

- They can only be used in areas with small tidal changes, the effectivity depends
largely on the freeboard.

- The influence on the waves is smaller, behind these breakwaters higher levels of

wave activity lare noted.

2.2 The hydraulic performance

An exact analysis of the interaction mechanisms between the breakwater and wave
motion is very complex, because of the different processes which take place while the
waves pass the breakwater, e.g. breaking, friction, transmission through the structure.
It is difficult to detect which effect is caused by which mechanism due to the mutual
interactions occurring among them.



Powell & Allsop (1985) investigated stability of the structure and the reflection,
transmission and dissipation of wave energy. They considered the following energy
balance:

E,=E4+E +E,+Eq4 2.1

where E, is the incident wave energy
E, is the dissipated wave energy
E, is the reflected wave energy
E,, is the transmitted wave energy by overtopping, and
E, is the transmitted wave energy through the structure,

and defined the corresponding coefficients:

K= = |k K = M= (e KH:-—@'—L: EL’—
| | | H \E

!

K, = £ K, =K +K’ (2.2)

For submerged and permeable structures shorter waves will propagate above the
breakwater while longer waves will pass partly above the structure and partly through
it, depending on the relative freeboard (F/H,), the breakwater permeability, the water
depth and the wave period. Increasing the crest width above that needed for stability,
has little effect on the wave transmission.

- Reflection

Some proportion of the incident wave energy will be reflected on the structure. The
amount of reflected energy is related to the permeability of the structure, the height of
the structure and the wave characteristics. In general the less permeable and higher the
structure and the longer the incident wavelength the larger the amount of reflected
energy. The highest content of reflected energy is to be found at the lowest frequency
of the spectrum (Damiani (1995)). Shorter or steeper waves may dissipate more of
their energy at the structure and reflect a lower proportion. The most significant
erosion is found in front of impermeable barriers.

- Friction

Flowing over the structure, some energy will be dissipated in turbulent friction. The
amount of dissipated energy depends on the width of the berm and the wave
characteristics. The larger the berm width and the longer the wave period, the more
energy will be dissipated. Longer period waves are likely to dissipate energy and short
period waves can pass over relatively unchanged.



- Breaking

Depending on the crest freeboard and the incident wave conditions energy might be
dissipated by breaking on the structure. The original wave will be changed in one or
more waves with a smaller height and a shorter period. The amount of dissipated
energy depends strongly on the incident wave period and wave height. The shorter
and steeper the waves, the more they will break on the structure and the larger the
amount of dissipated energy. The breaking type is generally plunging, breakwaters are
usually so designed as to force this kind of breaking to avoid that the eddy flows
produced by breaking may cause undesired erosion at the landside toe of the
breakwater.

- Transmission

If the breakwater is permeable some wave energy might be transmitted through the
structure. This amount of transmitted energy depends strongly on the permeability and
the wave characteristics. The longer the waves and the more permeable the
construction, the larger the amount of transmitted energy. Transmission is negligible
for short period waves, but may be of importance for porous structures subjected to
long waves.

- Set-up

Because the water can not flow freely back to the sea the set-up increases behind the
submerged breakwater in comparison to the situation without breakwater. This set-up
causes a withdrawal of the waterline (Damiani (1995)).

2.3 The effectiveness of submerged breakwaters

This section is a bit short, caused by the limited availability of articles on this subject
in the literature. Until now there has been done more research on emerging
breakwaters. The effectiveness of submerged breakwaters depends on the shape, berm
width, submergence of the barrier, the tide movement and the incident wave
characteristics. The shoreline retreat is more or less the same comparing experiments
with and without breakwater, the breakwater only slows down the process of the
backing of the shoreline (Chiaia et al. (1992)).

- Barrier height

With an increasing barrier height, the transmitted wave height is reducing. The height
of the barrier does not have a significantly influence on the waterparticle velocities at
the offshore foot of the structure. If there will be deposition of sediment or scouring at
the onshore foot is depending on the barrier height and the wave height; for small
barrier heights there is a depositing behaviour. The amount of set-up caused by the
barrier is strongly related to the height of the structure and the wave height (Aminti et
al. (1983)). The level of reflection is low in cases of higher submergence. The set-up
is very sensitive to the variations in submergence (Damiani (1995)).




- Berm width

The wave attenuation and the barrier produced set-up increase as the berm width
increases. In order to force wave breaking on the structure berm its width should be at
last 7-9 times the submergence (Aminti et al. (1983)). The effect of the change of the
berm width on the waves is much smaller than the effect of the barrier height.

The influence of the width of the berm on breaking, which is the major cause of
dissipation in cases with a low value of submergence, is small. The berm width
influences more the amount of friction, the dissipation of energy is relatively
consistent for high values of submergence. The berm width does not seem to be
determinant for the reflection. The variation of the berm width hardly influences the
set-up (Damiani (1995)).

- Offshore face slope

The offshore face slope seems not to have evidence influence on the wave
transmission.

- Effect of roughness
As the roughness increases, the energy dissipation and the wave attenuation increase

as well (Aminti et al. (1983)). The roughness has less effect on the wave transmission
than the barrier height and the berm width.

2.4 Breakwater cross-section in the experiment

The following is taken from the Test Definition Report. The experiments were
conducted with a small scale model of a submerged breakwater. The proto-type was
designed in accordance with the steps outlined below.

1. The breakwater has been designed with a permeable core, but it is constructed
with an impermeable core for simplicity. From the hydrodynamic point of
view
this has been shown by several authors to be a reasonable approach (Van der
Meer and Daemen (1994) and Davies and Kriebel (1992)).

2. The armourlayer, consisting of 2 layers of rock stones, has been designed
according to the formula presented in Van der Meer (1990):

%— = (21+0.1% S)exp(-0.14* N,) (2.3)

where the spectral stability number N; is defined by Ahrens (1987) as

N = A (2.4)
. ADnSO !

and S = damage level (here chosen as 2, corresponding to start of damage),
A = buoyant mass density (here 1.573), D5, = nominal diameter, and




s, = local wave steepness. Although the formula presents some uncertainties,
mainly due to the scatter in the data to which it was fitted, it is normally
presented as being on the safe side. From the test matrix (see table 3.1) it can
be seen that the ratio between the crest height and the water depth at the
seaward toe is constant for all experiments, that is h, /h = 0.75. Two local
wave steepnesses are being investigated: a design wave height of 4.0 m and
corresponding wave periods of 8 and 9 s, respectively. The calculations lead to
an average rock weight of wsy = 1.416 ton and D5, = 0.812 m, for a rock
density of 2.65 ton/m”.

3. the crest width was chosen as 3 * D,5, and the thickness of the armour layer as
2 DnSO'

4. the gradation of the stones for the armour layer followed the log-linear
relationship:

W, =W,(Wo | Wo) (2.5)
where the mass of the lightest block is W =1 ton, and the mass of the

heaviest block is W4, = 2 ton. W, gives for a certain y (percentage of stones)
the maximum mass.

v/100

The resulting proto-type design is shown in Figure 2.1.
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Figure 2.1  Submerged breakwater cross-section, proto-type values; all dimensions
are given in meters




CHAPTER 3 EXPERIMENTAL SET-UP

In this chapter an overview of the characteristics of the experiments used in this study
will be presented. The experiments were performed in the framework of the
‘Dynamics of Beaches’ project, which is part of the European Union Human Capital
and Mobility Programme. In the second and the fourth paragraph consecutively the
measurements performed at the Delft University of Technology (DUT) and at the
Universitat Politécnica de Catalunya (UPC) are described and the scaled down wave
parameters are mentioned. In the third paragraph the in this thesis used measurements
of the beach profile development obtained in Delft and the way they are calculated
from the data are explained. In the last paragraph a short description of the in
Barcelona performed velocity measurements are given.

3.1 Prototype test matrix

The following test matrix was used for the experiments (see Table 3.1). The ideas
behind the different combinations of parameters in the test matrix will be explained in
the following section taken from the Test Definition Report.

Test- F/H, Hy/Lgp T, H, h F H/L,
case - % (s) (m) (m) (m) %
A 1.00 1.50 8.0 1.5 6.0 1.5 2.61
B 1.00 2.67 6.0 1.5 6.0 1.5 3.67
C 1.00 3.84 5.0 1.5 6.0 1.5 4.66
D 0.75 2.61 7.0 2.0 6.0 1.5 4.06
E 1.50 2.56 5.0 1.0 6.0 1.5 3.01
Table 3.1 Prototype Test Matrix for all experiments (HCM-programme).
Prototype scale
with:

F =freeboard (F=h-h))
H, = significant wave height

Ly, = offshore wave length for peak period T,
T, = spectral peak period

h = waterdepth at toe of structure

h, = crest height

L, =local wave length associated with the peak period (Airy wave theory)

Two non-dimensional parameters have been considered to be the most significant for
the hydrodynamic behaviour of a submerged breakwater: a wave parameter (the wave
steepness) and a geometry parameter (the relative freeboard, F/H;). In the following




the wave steepness is defined by Hy/Lg, which relates to the Irribarren number,
(tana )/ (JH/ L,, . The correct local wave steepness at the position of the breakwater

is also calculated for comparison.

To cover a reasonable range of normal wave steepnesses, that is from moderately long
waves with low steepness to relatively short and steep waves, Hy/Lg, is suggested to
vary within the range 1% to 4%. Likewise the relative freeboard must be chosen so
that the submerged breakwater affects significantly wave transmission without acting
as a non-submerged breakwater. F/H; is suggested to vary within the range 0.75 to
1.5.

The general idea is to cover a reasonable range of variation of the aforementioned
variables with 5 test cases: a central case and 4 additional test cases, in which Hy/Lg,
is increased and decreased for a fixed value of F/H; and vice versa (i.e. defining a
diamond shaped set of test conditions). As the two non-dimensional parameters, F/H;
and Hy/L,, consist of 3 dimensional parameters (two wave parameters and one
geometry parameter) the possible solutions are:

1. Fixing Ly, (i.e. T,) and varying Hyand F (i.e. h)
2. Fixing F (i.e. h) and varying H; and L, (i.e. T})
3. Fixing H, and varying Lo, (i.e. T;) and F (i.e. h)

It was decided to fix the breakwater cross-section in all experiments. Therefore a
variation of F should be obtained by varying h. In theory this is not a problem, but it is
generally a more reasonable solution to fix the water depth for all experiments for
practical reasons, e.g. the tuning of the active absorption limit for reflected waves and
the time consuming process of adding or removing water especially in the large scale
wave flumes. Hence, it was decided to carry out the experiments for a wave matrix
following solution 2.

The proto-type test matrix which applies to all experiments to be conducted is shown
in Table 3.1. This matrix provides a nearly regular 'diamond pattemn' in the (F/H,,
Hy/Lop)-plane, a distorted 'diamond pattern’ in the (F/H, H/L,)-plane and a vertical
line in the (H,,F)-plane (see Figure 3.1)
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Relative freeboard, F/Hs

Figure 3.1 Diamond pattern of the Prototype Test Matrix




3.2 Experimental set-up in the Laboratory of Fluid Mechanics at DUT

In what follows a basic description of the characteristics of the experiments performed
at the Laboratory of Fluid Mechanics at DUT will be presented. A full detailed
description can be found in Claessen and Groenewoud (1995). The experiments where
carried out at the DUT 'Lange Speurwerkgoot', a 32 m long, 1 m high and 0.8 m wide
wave flume (see Figure 3.2), using an experimental scale of 1:15.

The waveboard can generate irregular waves and absorb only the reflection of the long
waves. Considering the dimensions of the wave flume the experiments were
performed at scale 1:15. According to the testprogram tests were done without and
with breakwater with an 1 in 15 slope and a movable bed. The bed consisted of sand
with a Dsy = 95 um (Do = 76 pm, Dgy = 131 pm). The particle fall velocity (w) is
approximately 0.01 m/s. The first part of the slope is a non-movable bed made out of
concrete.

wave board

Still water level
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Figure 3.2 The ‘Lange Speurwerkgoot’ in the Laboratory of Fluid Mechanics at
Delft University of Technology (DUT)

3.2.1 Test matrix for the scale model

The prototype wave conditions prescribed in the Test Definition Report had to be
scaled down to match the scale of the model in the wave flume (1:15). The resulting
experimental conditions can be seen in Table 3.2.

Test- | F/Hy | Hd/Lg, T, H; h F H/L, Lop
case - % (s) (m) (m) | (m) |% (m)
A 1.00 1.50 2.07 0.1 04 0.1 |26l 6.69
B 1.00 | 2.67 1.55 0.1 04 0.1 |3.67 3.75
C 1.00 3.84 1.29 | 0.1 04 (0.1 |4.66 2.60
D 0.75 2.61 1.81 [0.133 |04 |01 |4.06 5.12
E 1.50 | 2.56 1.29 |0.067 |04 |01 |3.01 2.60

Table 3.2 Model Test Matrix experiments at DUT

10




3.2.2 Duration of the experiments

Each experiment lasted for 7.5 hours. It occurred that after 7.5 hours of exposing the
bottom profile to waves enough bottom profile evolution has taken place to draw
conclusions. This period of 7.5 hours was divided into four intervals, viz.:

Interval 1 fromt=0.0 hours tillt=10.5 hours A t= 0.5 hours
Interval 2 fromt=0.5hourstillt=1.5 hours At= 1.0 hours
Interval 3 fromt= 1.5 hourstillt=3.5 hours At=2.0 hours
Interval 4 fromt=3.5 hourstillt=7.5 hours At=4.0 hours

Before the start of Interval 1, between the intervals and after Interval 4 the bottom
profile has been measured. The duration of each following interval doubles. This is
done because morphological processes often happen on a logarithmic time scale.
During the different intervals wave height, velocity and sediment concentration
measurements have been performed.

3.2.3 Wave spectra

The generated wave spectra were of the Jonswap-type with a peak enhancement factor
vy equal to 3.3. The time duration of each generated wave spectrum was 15 minutes.

3.3 Performed measurements in Delft

Four types of measurements have been carried out; profile measurements, wave height
measurements, velocity measurements and sediment concentration measurements.
Only the profile measurements will be discussed here since these measurements are
used in the present study.

3.3.1 Measurements of the beach profile development

The profile is measured in two different ways. The PROFO (= electronic profile-
follower) measurement started at the beginning of the slope at the position x = 0.00 m
and ended near the shoreline at position x = 9.20 m in the experiments without
breakwater and started at the position x = 5.00 m and ended at the position x = 9.20 m
in the case with breakwater. This instrument needs a certain depth to register the
correct values, so from x = 9.25 m until x = 12.00 m the depth is measured using a
scale which was attached to the side of the wave flume. The jump in the bed in the
profile graphs is caused by the fact that there is a difference in profile development
over the width of the wave flume, the side walls cause boundary effects. The visual
profile measurement taken of the bed at the side wall is a bit lower than the PROFO
measurement taken of the bed in the middle of the flume.

During one experiment five times a profile measurement was performed:
Profile measurement no. 0 at t = 0.0 hours (before Interval 1)




Profile measurement no. 1 at t = 0.5 hours (after Interval 1)
Profile measurement no. 2 at t = 1.5 hours (after Interval 2)
Profile measurement no. 3 at t = 3.5 hours (after Interval 3)
Profile measurement no. 4 at t = 7.5 hours (after Interval 4)

3.3.2 Conversion of the profile measurements

The profiles are calculated from the original measurements.

- PROFO measurements

The electronic profile follower (=PROFO) measures the bed height in Volts. This
signal is registered by a computer. Afterwards these measured Volt values have to be
translated to bed heights (y-value [m]) and to a corresponding position in the wave
flume

(x-value [m]).

The relation between measured Volt values and bed heights is derived from the
calibration of the PROFO meter. In this calibration a few points at different heights in
the flume are measured. At these points the real height is known and the
corresponding Volts can be measured. In all the experiments the measured calibration
values were the same, so the same formula can be used for every measurement.
‘height’ = ((*volt’-0.2)/0.236)*5/100 [m].

The PROFO meter takes a sample every 50 ps. Because of irregularities in the rails
the trolley, to which the PROFO meter was attached, didn’t move across the profile in
exactly the same time period every measurement, therefore the PROFO measurements
contained a different amount of samples. These measurements all covered the entire
bed. It is not possible to compare profile measurements with a different number of
samples, therefore all the measurements were resampled to 1840 samples (in case of
no breakwater present).

In case of a test with breakwater present, the length of the bed measured with a
PROFO is much shorter (total length = 4.20 m), because only the bed landwards of
the breakwater is measured. In this case a different number of samples was measured
as well. These measurements are resampled to 840 samples. In both cases the input
files are resampled to a sampling distance of 0.005 m.

- Visual measurements

The visual measurements are read from a scale attached to the side of the wave flume
and written down in a Table. To convert these values measured in centimetres to
bottom height values, the following formula is used:

height = ((value*39/40)+45.5)/100 [m]
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In the following a short description of the at the UPC performed experiments is given.
They were carried out in the Canal de Investigacion y Experimentacién Maritima, a
wave flume with a length of 100 m, a width of 3 m and a height of 5 m, of the
Laboratorio de Ingenieria Maritima at la Universitat Politécnica de Catalunya (UPC)
(see Figure 3.3).

The waveboard can generate irregular waves and absorbs all the reflected waves.
Considering the dimensions of the wave flume the experiments were performed at
scale 1:4. According to the testprogram tests were done without and with breakwater
with a 1 in 15 slope. The slope is made out of concrete, the last part is composed of
rocks to reduce the reflection of the waves.
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Figure 3.3 The ‘Canal de Investigacion y Experimentacion Maritima’ of the
Laboratorio de Ingenieria Maritima at la Universitat Politécnica de
Catalunya (UPC)

The prototype wave conditions prescribed in the Test Definition Report had to be
scaled down to match the scale of the model in the wave flume (1:4). The resulting
experimental conditions can be seen in Table 3.3. Each experiment lasted for 7.5
hours. The created spectra were Jonswap 3.3 spectra.

Test- | F/H, |HJL,, |1, | H h |F | HJL, | Lo
case | - % (s (m) (m) |(m) | % (m)
A 1.00 | 1.50 40 038 |15 |038 [2.61 |2498
B 100 |2.67 30 |038 |15 |038 [3.67 |14.05
C 100 |3.84 25 038 |15 |038 |466 |9.76
D 0.75 | 2.61 35 050 |15 |038 [406 |19.13
E 150 | 2.56 25 025 |15 |038 3.0l 9.76

Table 3.3 Model Test Matrix experiments at UPC




3.5 Short descrintion of i} [ | in Barcel

At both sides of the wave flume a rail is attached on top of the walls. A carriage can
be driven along the wave flume and moved along the canal. To this carriage several
measuring-instruments are attached, it is positioned at the different verticals along the
wave flume to be able to measure the desired values (see Figure 3.4). At each vertical
the experiment and measurements are repeated.

1 2 g 10 11 12

Figure 3.4 Vertical positions of measurements at UPC (scale 1:4)

Three types of measurements have been carried out; wave height measurements,
pressure measurements and velocity measurements. Only the in this study used
velocity measurements are briefly mentioned. To measure flow velocities use was
made of electromagnetic fluid-velocity meters (supplied by Delft Hydraulics with a S-
40 sensor). In every vertical the velocity is measured at five different heights spread
evenly over the depth. As an example the measuring positions are given at vertical 7
in the experiment with breakwater (see Figure 3.5).
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Figure 3.5  Measuring positions at vertical 7 in the experiment with breakwater at
UPC (scale 1:4)




CHAPTER 4 BEACH PROFILE MORPHODYNAMICS

4.1 Introduction

In the following main experimental results regarding profile morphodynamics are
presented. Profile changes have been characterised using a set of parameters (erosion
volume, shoreline movement, beachface slope, profile shape, bottom changes and
cross-shore transport rates) covering most of the state of the art ‘engineering control
variables’. To analyse the breakwater efficiency from a practical point of view,
experimental results are presented for the two test situations, ‘without’ and “with’
breakwater.

One common aspect for all the tests is that their duration was not long enough to
reach an equilibrium profile. Due to this, observations and conclusions about beach
profile development must be considered as strictly valid for the initial and
intermediate states. Any extrapolation of the experimental results to compare the final
profile state without and with breakwater must be only considered as indicative
(qualitative value) at the best. Another common aspect for all the tests is that they are
erosive, so the main differences for the tested conditions is due to the magnitude of
the observed erosion and not in the direction of the change (erosion or accretion).

In the next paragraph the data from the experiments in Delft are applied on from the
literature obtained criteria, in which erosional and accretional cases are separated. In
the following paragraphs consecutively the following characteristics of the developed
profiles are described and the relation between the experiments and the influence of
the breakwater are mentioned; erosion volume, shoreline movement, beachface slope,
profile shape, bottom changes and cross-shore transport rates.

4.2 Application of prediction parameters for erosive/accretive profile response

4.2.1 Introduction

In the following several theories used to distinct erosional from accretive profiles are
applied on the data obtained from the experiments in Delft. The predictors used to
forecast the profile change can be divided in two types: those who are not including
the beach face slope and those who are. It should be noted that the experiments in
Delft are small-scale experiments and then, threshold values for criteria separating
erosive and accretional cases should be selected according to this. The objective of
this comparison is to see if the experimental results agree with many other existing
experimental data sets. This can be used to show the validity of the data.

The applied criteria are taken from two different studies, one by Jiménez et al. (in
press), where the parameters are plotted with the erosion/accretion volume and the
criterion is given as a constant value of the parameter. And the other by Kraus et al.
(1991) where the data are plotted in a plane of two parameters and the criterion is
given as a relation between the applied two parameters.




The following dimensionless parameters are calculated:

G, = vi parameter introduced by Dean (1973) 4.1
g
D=N, = E-io: ‘fall speed parameter’ or ‘Dean number’  (4.2)
w
S, = Ly wave steepness in deep water (4.3)
0
F= v;{ a Froude-type number 4.4)
&y
g H
P= =T Larson and Kraus (1989) 4.5)
w
H L 0.67
SH = — m°‘27(—°J Sunamura and Horikawa (1974) (4.6)
LO dSO
HK = —-—H? m Hattori and Kawamata (1980) 4.7
w
HO,S
SG=m——F5 Sayao and Graham (1991) (4.8)
(dso Lo)
H 0.5
JS = (T) m Jiménez and Sanchez-Arcilla (1992) (4.9)
w

w = sediment fall speed

g = gravity

T = wave period

H = wave height

L = wave length

m = beach slope

ds, = median sediment grain size

The dimensionless parameters with subscript ‘)’ refer to deep water wave
characteristics and they are calculated only using the significant wave height. The
other parameters without subscript are calculated using the significant wave height
and the hereof derived root-mean-square wave height (H; = V2*H,,,, by assumption of
a Rayleigh wave height distribution). They are plotted with the erosion volume. Here
the erosion volume of the experiments without breakwater is used, as the calculated
parameters are the same and the difference between the erosion values obtained in the
experiments without and with breakwater are small. For T is taken T,,.

4.2.2 Predictors not including the beach face slope

In Figure 4.1 the data obtained from the Delft experiments are plotted in the So-Go

plane.
Three different criteria are given. Line A (Sy = 2.7 * Gy) is taken from Dean (1973)
derived from small scale experiments. Line B (S, = 8.8 * Gy) is derived by Larson and
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Kraus (1989) from large wave tank data. Line C (S5 = 184 * GOI'S) is introduced by
Larson and Kraus (1989) and is a rotation and transformation of the original criterion
of Dean. For all the criteria the data are positioned in the erosive part.

Appendix A, Figure A.1 plot the Delft data on the Sy-N; plane. Larson and Kraus
(1989) found the following relatlonshlp between S, and N; separating erosive from
accretive situations S, = M* NO , in which M = 0.00027 is an empirical coefficient
determined from visual fitting, as is the exponent 3. Also applied to this plane is the
following criterion obtained by Kraus et al. (1991); N = 3.2 pertaining to significant
wave height. In the graph can be seen that the experimental data agree with the given
criteria.

— - - So=B8.8°Go
— - —50x184"GOM.S

0.001

Gou(phwigT

Figure 4.1  Small scale data Delft, Sy-G, plane

In appendix A, Figure A.2 the data are reproduced in the S;-F, plane and in appendix
A, Figure A.3 in the Ny-F; plane. The criteria separatmg the erosive from the accretive
cases are derived from the criterion S, = M*NO , used in the Sy-N, plane, combined
with other relationships between the parameters. The criterion in the S¢-F plane is S
= 3.3e09*F, and the one in the Ny-F plane is N, = 22900 * FO In both graphs the
Delft data are situated in the erosive area.

In appendix A, Figure A.4 the Delft data are, calculated with the Dean parameter,
printed with the accretion/erosion volume. The model is based on the assumption that
the offshore transport of the sediment mostly takes place in suspension. Supposing
that when the waves break the sediment particles are put into suspension. Once
suspended it is depending on the fall velocity in relation to the wave period if the net
movement will be on or offshore. A relative small fall velocity will induce a
landwards movement and a relative large fall velocity an offshore movement. The
criterion D = 2.7 separating the erosive and the accretional cases is taken from
Jiménez et al. (in press) applicable on deep water. All the data agree with this
criterion.
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In appendix A, Figure A.5 the from the Delft data calculated dimensionless Dalrymple
(1991) P-values are plotted with the erosion volumes, all the data are according to the
criterion P = 9500.

4.2 3 Predictors using the beach face slope

In appendix A, Figure A.6 the dimensionless parameter of Sunamura and Horikawa
(1974) is applied on the Delft data. This parameter is obtained from a semi-emperical
analysis based on the hydrodynamics in the breaker zone. Non of the data is in line
with this criterion according to the by Jiménez at all derived criterion SH = 20. If the
data are calculated with for the wave height the significant wave height, the difference
is smaller. However Jiménez et al. (in press) made this fit using large scale
experiments. If the original threshold value of Sunamura and Horikawa is used (SH =
4) all the experiments fall in the erosive area.

In appendix A, Figure A.7 the parameter of Hattori and Kawamata (1980) is printed
for the Delft data. This parameter uses the same relationship between the forces
caused by the wave movement putting the sediment in suspension and the gravity
force as the Dean parameter, only the beach face slope is added. The data are all
situated in the erosional plane, HK > 0.12.

The equation derived by Sayao and Graham (1991) is plotted in appendix A, Figure
A.8 It is shown that the criterion, SG > 0.10, separating erosion/accretion is
applicable.

The parameter derived by Jiménez and Sanchez-Arcilla (1992) to predict erosion/
accretion for beaches from large scale data is plotted in appendix A, Figure A.9. This
parameter is similar to the Dean parameter, but the relationship is not linear. All the
Delft data is situated in the erosive plane, JS > 0.09.

4.2.4 Conclusions

Although the Delft data are acquired from small scale experiments and the criteria are
obtained for large-scale experiments, nearly all the criteria are applicable to the data.
Only the large scale criterion of Sunamura and Horikawa did not agree with the data,
so it had to be converted to small scale to satisfy the conditions.

From this analysis it can be assumed that the observed beach profile behaviour is in
agreement with the existing criteria delimiting erosion/accretion. From the behaviour
point of view the data set can be considered as *correct’.

4.3 Erosion volumes
The erosion volumes are calculated for every time step in relation to the original

profile (t0 = 0 hours). The erosion volume is calculated as the eroded volume in the
inner part of the profile (see Figure 4.2).
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4.3.1 Erosion volumes in experiments without breakwater

In all the experiments the erosion volume is continuously increasing (see Figure 4.3),
even during the last stages. This indicates that in none of them an equilibrium profile

1s reached.

Looking only at the physical effects on the erosion volumes the following is noticed:
The most important parameter controlling erosion volumes (from the tested
conditions) is the incident wave height. Thus the largest erosion volume corresponds
to the test with the highest wave height (experiment D) whereas the smallest erosion
volume is generated during the experiment with the lowest wave height (experiment
E) (see Figure 4.3). Between this range of erosion volumes lay those observed for
intermediate wave heights (experiments A, B and C). For these, although with a
similar wave height, different volumes are produced.
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Figure 4.2 Calculation of erosion volume
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Figure 4.3 Erosion volumes in experiments without breakwater
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The different behaviour during experiments A, B and C has to be associated with the
difference in wave periods since the other parameters are nearly equal (H, w, tan ().
Wave periods for these experiments have a decreasing sequence of A, B, C which
produce an increasing sequence of steepness (H/L) of A, B, C. According to this and,
for instance, looking at any of the analysed predictors in the previous section it would
be expected that erosional behaviour would increase from experiment A to C.
However looking at the experimental results (fig 4.3) the observed sequence is the
opposite, i.e. experiment C presents the smallest erosion volume whereas experiments
A and B present a higher and nearly equal one.

Moreover, when the analysis of the influence of wave steepness is extended to the
other two experiments, this ‘non-expected’ behaviour is more marked. Thus, it is
observed that experiments B, D and E with a nearly equal wave steepness give results
completely different. In order to stress this it has to be observed that the experiment
with the largest erosion volume (experiment D) and the one with the smallest
(experiment E) have the same wave steepness.

As a result of this and for the tested conditions (sediment characteristics and wave
characteristics) the main parameter to control erosional behaviour (regarding erosion
volumes) is the wave height. Moreover, when wave steepness is considered the
observed relationship is in the opposite of the expected one.

v in experi with kw

In all experiments, except experiment B during the last interval, the erosion volumes
are increasing (see Figure 4.4) for each consecutive timestep in a similar way to the
one observed for the ‘without® breakwater tests. This shows that the profile is not in
an equilibrium state after the last time step.
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Figure 4.4  Erosion volumes in experiments with breakwater

20




Concentrating on erosion volumes, the following aspects arise from the analysis:

The observed behaviour is similar to the one observed for tests without breakwater. In
other words, these experiments reproduce the earlier identified influences of wave
height and steepnesses on erosion volumes. The main difference is observed in
experiment B which seems to reach a ‘stable’ situation at the last stage of the test,
given the smallest final erosion volume.

4 rison between i wi t and with kwater

In Figure 4.5 the ratios between the experiment without and with breakwater
regarding the erosion volumes are plotted. As expected, it can be seen that the erosion
volume is larger in the experiments without breakwater than in the experiments with
breakwater. Only in experiments C and E during time intervals 1 and 2 the erosion
volume is larger in the experiment with breakwater, but the differences are very small,
at the end of both tests the erosion volume in the experiment without breakwater is
larger.
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Figure 4.5  Ratio between the erosion volumes of the experiment without and the
experiment with breakwater

Characterising the efficiency of the breakwater on the reduction of erosion volumes
and leaving out test B (which shows a different behaviour from the other ones) the
following sequence (from the most efficient experiment to the least one) is observed:
D, C, E and A, with a reduction in erosion volumes of 28%, 23%, 17% and 6%
respectively. The most important reduction corresponds to the case with the highest
wave height (D). This is in agreement with the expected submerged breakwater
performance: higher waves will be affected by the breakwater inducing its breaking,
filtering part of the incoming wave energy. In general this efficiency can be put in
terms of dimensionless freeboard (F/H,), i.e. for lower values of F/H higher
efficiency in filtering incoming wave energy will be obtained and then, smaller
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erosion volumes would be expected. This is true for experiments D, C and E, although
experiments B and A do not fulfil the rule. It can be ‘outliers’ but due to the limited
number of experiments it is not possible to generalise it.

4.4 Shoreline retreat

The shoreline is defined as the horizontal position of the intersection of the profile and
the Still Water Level (h = 0.65 m for all tests).

4 i 1 i Wi water

Figure 4.6 shows the time evolution of shoreline changes for the experiments without
breakwater. As it was previously mentioned, all the experiments resulted in shoreline
retreat and, moreover, from the observed changes it is clear that profiles do not reach
an equilibrium state.

In all the cases the shoreline changes show an exponential form with a relatively rapid
response during the first part of the experiment (0.0-1.5 hours) and decreasing change
magnitudes as the profile evolves towards an hypothetical equilibrium state.
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Figure 4.6 Shoreline retreat with respect to initial position in the experiments
without breakwater

Looking at the first stage of the tests (t < 2 hours) a clear classification of tests as a
function of the observed response can be done. Thus, for this phase and using the
observed shoreline recession, three ‘groups’ are identified: test D, the most erosive
one, test A an intermediate case and tests B, C and E with a similar behaviour.

During the second part of the experiment (t > 2 hours) test B, C and E leave their
initial similarity in magnitude, showing a greater difference in the final recession than
the expected, looking only at the initial stage.

22




Although the physical explanation of the observed behaviour must be done
considering all the controlled variables, some points arise from the shoreline change
analysis.

As it was observed for erosion volumes, for the range of tested conditions it seems
that the main parameter controlling shoreline erosion is the wave height. Thus, the
largest retreat corresponds to the experiment with the largest wave height (experiment
D). Whereas the smallest retreat corresponds to the smallest wave height (experiment
E). As it was observed for the erosion volumes the effect of wave period or steepness
seems to play a secondary role or, at least, different to the expected one. Thus, the
experiment with the largest steepness is not the most erosive one (in shoreline
recession terms), being exceeded in shoreline-retreat for all the experiments (with
steepnesses much more lower) with the exception of experiment E. For experiments
with the same initial wave height, the variations in the wave period (for the used
range) do not produce significant changes in shoreline retreat and, even, the observed
changes are not in agreement with the sequence in the corresponding steepness.

4.4 i an in experi with breakwater.

In the shoreline movement graph (Figure 4.7) can be seen that in all experiments the
shoreline is retreating. The general retreat curve is similar to that observed in the
‘without’ tests, a rapidly retreat in the first stages to be slowly attenuated at the latter
periods. Nor was an equilibrium situation reached during these tests.
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Figure 4.7  Shoreline retreat with respect to initial position in the experiments
with breakwater

There is a similar behaviour as in the experiment ‘without’. The wave height is the
most important characteristic influencing the shoreline retreat. Giving the largest
retreat for the experiment with the largest wave height (experiment D) and the
smallest retreat for the experiment with the smallest wave height (experiment E). In




the comparison of the experiments with the same wave height (A, B and C), it is
expected that the experiment with the highest wave steepness (experiment C) will
show the largest shoreline retreat. But here the shoreline retreat is much larger in the
experiment with the smallest wave steepness (experiment A). This development is the
same as in the experiment without breakwater and according to the earlier found
results in the erosion volumes.

4.4.3 Comparison between experiments without and with breakwater

In Figure 4.8 the ratio between the experiment without and with breakwater regarding
the shoreline movements are plotted. In general it can be seen that the shoreline retreat
at the end of the experiment in the experiments without breakwater is approximately a
factor 1.1 larger than in the experiments with breakwater.
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Figure 4.8  Ratio between the shoreline movements of the experiment without and
the experiment with breakwater

At the start of the experiment the retreat of the experiments with breakwater is larger
than in the ones without breakwater and at the end of the experiments vice versa. This
fact was also observed for erosion volumes although only for two tests (C and E) and
it appears as if the inclusion of the structure produces a perturbation in the system at
the beginning of the experiment to be afterwards attenuated. Only in experiment D
during the whole experiment the experiment without breakwater has a larger shoreline
movement than the experiment with breakwater. In experiment A the differences in
shoreline movement between the experiment without and with breakwater are very
small during the whole experiment.

The difference of the final retreat (at t4 = 7.5 hours) between the experiments without

and with breakwater is in experiments A and E very small. Measuring the efficiency
of the breakwater in terms of reducing shoreline retreat, an averaged reduction of
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about 10% of the retreat was obtained for the tested conditions. Rating the tests in
terms of the efficiency of the breakwater a decreasing sequence was observed: D, C,
E and A (leaving out experiment B), which is the same detected while comparing the
erosion volumes. Due to this, the use of the dimensionless freeboard (F/H;) can also
be used to explain it.

ison n erosion vol nd shoreline retreat

The ratio between the shoreline retreat and the erosion volume is calculated (see
Figure 4.9). The aim of calculating this ratio is to look for a to all experiments
applicable relationship between the erosion volume and shoreline retreat. This
parameter should serve the same goal for cross shore transport as the constant derived
in the single line theory (TOW 1980) for longshore transport.
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Figure 4.9  Determination of the relation berween the shoreline retreat and the
erosion volume

In most experiments, the ratio obtained at the first stage of the test is different to the
ones obtained during the remaining period, which is in line with the other controlled
parameters and it represents the initial response of the ‘unnatural’ profile. After this
moment the ratio is more or less steady indicating a homogeneous (in time) response.
For all the experiments the ratio is larger for the experiment without breakwater. This
implies that the erosion volumes reduce in relation with the shoreline retreat for the
experiment with breakwater in comparison with the experiment without breakwater. It
can be concluded, assuming that the shoreline is not increasing, that the influence of
the breakwater on the erosion volumes is larger than on the shoreline retreat.
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Figure 4.10  The ratios between the erosion volume and the shoreline reireat for all
experiments

4.6 Beachface sl
4 Int

The beachface slope (tan) is calculated taking the bottom profile values 0.2 m
seawards and 0.2 m landwards of the shoreline position, they are subtracted and
divided over 0.4 m.

The original slope of the profile is 1:15. The slope at t0 = 0 hours should have this
value and should be the same for all measurements, this is not the case. This can be
caused by:

- the difficulty to straighten out the bed to the right slope

- the way of measuring (the shoreline is always positioned in the area where the
bottom height is measured through the wall of the flume)

The measured beach face slopes are compared with the by Kriebel et al. (1991)
obtained relationship. They derived a best fit relationship from the field data of
Sunamura (1984):
b/
m=0.1 S(KZ)
H

In which m is the beach slope, w is the fall velocity, T is the wave period and H is the
wave height. The Delft data (at t4 = 7.5 hours) are plotted on the H/wT-m plane (see
fig 4.11), with the best-fit relationship obtained by Kriebel et al. (1991). This
relationship is not applicable on the data, the data have a steeper slope in relation with
the H/wT than the predicted one. The Delft data are measured before the equilibrium
state is reached. Looking at the development of the beach face slopes in time it can be
expected that they will increase towards the equilibrium state (see Fig. 4.12). The
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different behaviour of the Delft experiments can be associated with the fact that all the
data used to derive this relationship are from field experiments and large scale flume
data. Moreover, another point to be considered is that the used sediment grain size is
quite fine compared with the ‘natural beaches’ one used to build the relationship.
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Figure 4.11  Dependence of beach face slope on sediment fall parameter according
to Kriebel et al. (1991). Beach face slopes Delft taken at t4 = 7.5 hr

46. i i Wi reakwater

Looking at the graph of the beach face slopes in the experiments without breakwater
(see Figure 4.12) it can be noticed that at the start of the experiment the beach face
stopes change rapidly and afterwards are attenuated for the last stages. This is because
at the beginning of the experiments the initial slope is quite far away from the
‘equilibrium’ one.
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Figure 4.12  Beach face slopes in the experiments without breakwater
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Experiment D always has the most gentle beach face slope and experiment E always
has the steepest beach face slope. The beach face slopes of experiment A, B and C are
laying in between the ones of experiment D and E. In general the beach face slope in
experiment A is the steepest of the three and experiment B and C have in turn a
steeper beach face slope.

Only concerning the beach face slope the following can be concluded about the
influence of the difference in the applied wave fields.

- The parameter which influence is the most clear on the beach face slope is the wave
height. The steepest slope occurs in the experiment with the lowest wave height and
the most gentle slope in the experiment with the highest wave height. Combining this
with the earlier described erosion volume it can be seen that the experiment with the
largest erosion volume has the most gentle slope and with the lowest erosion volume
the steepest.

- The experiments with the same wave height and varying wave length (A, B and C)
do not show a clear influence of the wave length on the beach face slope.

4 i i with breakw

In general the same can be seen in the graph of the beach face slopes in the
experiment with breakwater (Figure 4.13) as in the graph of the experiment without
breakwater (Figure 4.12). The largest changes take place during the first interval,
caused by an original slope very different to the equilibrium one at the start of the
experiments, and is further on attenuating in time.

On the whole experiment E has the steepest beach face slope and experiment D has
the most gentle beach face slope, except during the last interval where experiment A
has the most gentle beach face slope. The beach face slopes of the experiments A, B
and C are changing in relation to each other during the whole experiment.
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Figure 4.13  Beach face slopes in the experiments with breakwater
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Looking at the calculated beach face slopes only in relation to the wave input
parameters, the following can be noticed.

- The relation between the wave height and the beach slope is less clear than in the
experiment without breakwater. On the whole the steepest beach face slope is formed
in the experiment with the lowest wave height (experiment E) and the most gentle in
the experiment with the highest wave height (experiment D). This is according to the
state of the art, the larger the wave height, the milder the slope. Combining this with
the noticed characteristics comparing the erosion volumes for the different
experiments the same can be noticed as in the experiment without breakwater,
showing a more gentle slope for the experiment with the largest erosion volume and a
steeper slope for the experiment with the steepest slope.

- There is no relation visible between the wave length or wave steepness and the beach
face slope.

4.6 4 Comparison between experiments without and with breakwater

In Figure 4.14 the ratio between the experiment without and with breakwater
regarding the beach face slope are plotted. Not taking into account the measurements
during the first two intervals in general it can be seen that the slope in the experiments
with breakwater is steeper than the slope in the experiments without breakwater.
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Figure 4.14  Ratio between the beach face slopes of the experiment without and the
experiment with breakwater

The values of the experiments without and with breakwater do not differ much, only
during experiment D the difference is rather large at the end of the experiment after
7.5 hours. The steeper slopes obtained in the experiments with breakwater are due to
the reduction of the incident wave height by the breakwater. As this reduction is
higher for the larger wave heights, this is the reason for the largest increase in slope in
experiment D.
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4.7 1 rofi

In Delft the bottom profiles are measured at five consecutive moments in time. These
profiles are calculated and plotted in graphs for each experiment and for the
experiments without and with breakwater.

4.7. ripti f developed beach profilesint Xperi jithout breakw:.

An example of beach profile development during the experiments without breakwater
can be seen in Figure 4.15 (for full details see Appendix B).

In all the experiments the profile develops in the same way. A bar and a trough are
formed and the waterline retreats. With every time step the profile continues
developing, the size of the bar and the trough are increasing and the waterline retreats
further. In all experiments the changes are rather small after the first interval. There is
not really a bar visible. Only the shoreward area of the profile changes, a small bar
above the waterline and a small trough are formed. During the following intervals the
profile changes in the more seaward area as well. More sediment is transported in the
seaward direction and a bar is formed which is moving seawards during the
consecutive intervals. The trough is growing in two directions, it is getting deeper and
moves more shorewards, as the shoreline retreats.
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Figure 4.15  Bottom profile development experiment A without breakwater

4.7.2 Comparison of developed beach profiles in the experiments without breakwater

During all the intervals the profile keeps developing. Therefore the differences in the
development between the experiments are best noticed after the last interval (at t4 =
7.5 hours) when the distinction of each experiment is the largest and the influence of
the different wave characteristics best noticed (see Figure 4.16).

30



The profiles differ in the position of the bar, the retreat of the shoreline and the
amount of transported sediment. In general can be seen that the higher the wave
height the larger the changes.
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Figure 4.16  Comparison bottom profile development experiments without
breakwater

The retreat of the coastline and the size of the trough are the largest and the bar is
positioned the most seawards in experiment D, the experiment with the largest wave
height, in experiment E, the experiment with the smallest wave height, the retreat of
the coastline and the size of the trough are the smallest. This is in line with the state of
the art, the larger the wave height the larger the change of the profile. The bar is
formed at the breaking point of the waves. As the waves are higher they tend to break
in deeper water, and the bar will be positioned more seawards.

In the experiments A, B and C with an intermediate wave height and different wave
lengths the height of the bar is more or less the same and it is positioned at the same
place. The only difference is the downslope area until which the profile is changed. In
experiment A the experiment with the largest wave length the influenced area is the
largest. In experiment C the experiment with the smallest wave length the area is the
smallest.

4.7.3 Description of developed beach profiles in the experiments with breakwater

An example of beach profile development during the experiments with breakwater can
be seen in Figure 4.17 (for full details see Appendix B).

In general there is a shoreline retreat and the trough is increasing for every
consecutive time step. Sediment is accumulated at the landside toe of the breakwater,
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and this amount of sediment is increasing in time. There is a small quantity of
sediment passing over the breakwater.
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Figure 4.17  Bottom profile development experiment A with breakwater

In experiment B after interval 4 a different development can be noticed (see Figure
B.13). In all the other experiments there is a further development of the profile visible,
but in this experiment the foregoing changes are not continued. There is still a
shoreline retreat, but where normally in the other experiments the trough is enlarged
and the bar is moved more seawards, here the last part of the trough is filled with
sediment and the bar becomes a little bit smaller. The different wave characteristics of
the experiment do not give an explanation for this, as experiment B has an
intermediate wave height, wavelength and wave steepness.

4.7.4 Comparison of developed beach profiles in the experiments with breakwater

On the whole the distinction between the developed profiles in the different
experiments are the amount of sand deposited at the landside toe, the position of the
bar, the volume of the erosion trough and the size of the shoreline retreat. The
variation in the position of the bar is smaller than in the experiment with breakwater
as the highest waves break while passing over the breakwater, and the difference in
wave height between the different experiments is reduced. For this comparison the
final measured profiles after the last interval (t4 = 7.5 hours) are used (see Figure
4.18).

The profile of experiment D, the experiment with the largest wave height, changes the
most, the whole profile is less steep than the original 1:15 slope, the retreat of the
coastline is large. A large amount of sand is accumulated at the landside toe of the
breakwater. In experiment E, the experiment with the smallest wave height, the retreat
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of the shoreline and the formed bar are the smallest. At the landside toe of the
breakwater no accumulation has occurred.
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Figure 4.18 Comparison bottom profile development experiments with breakwater

In experiment A, the experiment with the largest wavelength a bar is not really visible,
the whole slope has become less steep. In experiment B, the experiment with the
intermediate wave height, wavelength and wave steepness, a small bar is formed
situated near the shoreline. In experiment C, the experiment with the smallest
wavelength, the height of the bar is the largest and the slope of the bar is the steepest.
In experiment C there is a second trough formed near the breakwater, this second
trough 1s also formed in the experiments B and E, but is here much smaller.

4.7.5 Comparison of developed beach profiles between experiments without and with
breakwater, measured after 7.5 hours

An example of the comparison of the beach profile development between the
experiments without and with breakwater can be seen in Figure 4.19 (for full details
see Appendix B).

In general in all the experiments without and with breakwater, the shoreline retreat is
more or less the same. The profiles differ in the position and the shape of the bar. In
the experiments with breakwater the bar is located closer to the shoreline. Another
effect of the breakwater is blocking of the sediment transportation over it and the
positioning of the bar more landwards. Because the profiles are still changing it is not
possible to see what the effects of the breakwater will be in the final situation. The
effectiveness of the breakwater is strongly depending on the wave height of the
incoming waves.
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Figure 4.19  Comparison bottom profile development experiments without and with
breakwater

In experiment A and D (Figures 4.19 and B.27) the sand which was spread out down
the slope in the experiment without breakwater is accumulated at the toe of the
breakwater in the experiment with breakwater and the whole slope has become more
gentle. In experiments B and C (Figures B.25 and B.26) the bar is bigger and
positioned more seaward in the experiment without breakwater. In the experiment
with breakwater the distortion of the profile is smaller, there is a smaller bar formed
near the shoreline, some sand is transported from the shoreline to the landside toe of
the breakwater.

In experiment E (Figure B.28) the differences are very small. In the experiment with
breakwater only a small part of the profile changes, a small retreat and a small bar
near the shoreline are formed, no sand accumulates at the landside toe of the
breakwater. In the experiment without breakwater the retreat of the shoreline is the
same and a bit bigger bar further offshore is formed.

The effects of the breakwater are the smallest in experiment E, the experiment with
the smallest wave height and wave length and experiment A the experiment with the
smallest wavesteepness. The wave field is influenced by the breakwater, depending on
the amount of waves that break which is depending on two factors, the wave height in
relation with the submergence and the wave steepness.

The main effect of the breakwater on the profile development is that it acts as a
physical constraint limiting the domain where the profile will change. Thus, although
a similar type of behaviour is observed, the dimensions of the bar/trough system are
quite different.
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4.8 Bottom changes

By subtracting the consecutive profile measurements, the bottom height change for
each time step is calculated. To calculate the total bottom height change, the first (t0
= 0 hours) and the last (t4 = 7.5 hours) measurements are subtracted. Because the
calculated values show too much variation the average values over 5 distance steps
(Ax =5 *0.005=0.025 meter) in the part measured by the PROFO meter are taken.
Positive values indicate sedimentation, negative values erosion.

4.8 1 Description of bottom changes in the experiments without breakwater

An example of the bottom height change during the experiments without breakwater
can be seen in Figure 4.21 (for full details see Appendix B). In all of the experiments
there is generally the same development of the curves visible. The profile can be
divided in four zones (see Figure 4.20).
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Figure 4.20  Bottom height change betweent = (0 and't = 7.5 hr, experiment A
without breakwater, division into zones

In zone 1 the profile changes are small. In zone 2 there is sedimentation. During the
first interval there is sedimentation and a small bar is formed. In the following
intervals the amount of sedimentation increases and the area where the sand is
deposited is growing seawards. In zone 3 there is during all intervals erosion. In the
consecutive intervals the area in which there is erosion increases. In the shore zone 4
there is sedimentation, the onshore bar is formed. In the consecutive intervals the
sedimentation peak moves more shoreward and the slope starts eroding.
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Figure 4.21  Bottom height change experiment A without breakwater

4.8.2 Comparison of bottom changes in the experiments without breakwater
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Figure 4.22  Comparison bottom height change experiments without breakwater

The general differences between the experiments are the peak value of the bottom
height change, the area over which the bottom height is changing and the position
along the profile where the bottom height changes from sedimentation to erosion. The
comparison is made using the calculated bottom height profiles after the last interval

(t4= 7.5 hours) (see Figure 4.22).

36




According with the previous analysis (i.e. volume changes, etc.) the experiment with
the largest wave height (experiment D) has the largest bottom height change and the
experiment with the smallest wave height shows the smallest bottom height change. In
experiments A, B and C, with an intermediate wave height, the maximum bottom
height changes are between experiment D and E. It was expected that the experiment
with the largest wave steepness (experiment C) would show the largest changes and
the experiments with the smallest wave steepness (experiment A) the smallest
changes. The profile development is not in line with these expectations as was seen in

the previous analysis as well.

4.8 .3 Description of bottom changes in the eriments with breakwater

An example of the bottom height change during the experiments with breakwater can
be seen in Figure 4.24 (for full details see Appendix B). In all of the experiments there
is generally the same development of the curves visible. The profile can be divided in
five zones (see Figure 4.23).
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Figure 4.23  Bottom height change betweent = 0 and t = 7.5 hr, experiment A with
breakwater, division into zones

Zone 1 is the seawards side of the breakwater in which there is in some experiments a
small sedimentation. Because the bottom height is not measured at the seawards side
of the breakwater it is assumed that the sediment which is found there is spread out
evenly over the whole profile seawards of the breakwater.

Zone 2 is the breakwater. Zone 3 is situated immediately landwards of the breakwater.
In experiment B and C this zone is very small and two more zones are added, one
erosive/zero transport and one accretional, before zone 4 is started. In zone 4 there is
erosion in all experiments. Zone 5 is situated above the waterline, this is a small area

where sand is deposited .
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Figure 4.24  Bottom height change experiment A with breakwater

4.8.4 Comparison of bottom changes in the experiments with breakwater

For all experiments it can be seen that the breakwater is nearly completely blocking
the sediment transport in seawards direction. The amount of sand which passes over it
is negligible. There is at the landside toe of the breakwater a very large value of the
bottom height change which reduces to zero or nearly zero passing over the

breakwater (see Figure 4.25).
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The same differences as in the previous analysis can be seen (see Figure 4.25). The
wave height is the most important factor distinguishing the bottom height changes of
the experiments. The experiment with the largest wave height. (experiment D) gives
the largest erosion trough and the largest sedimentation at the landside toe of the
breakwater. The experiment with the smallest wave height (experiment E) gives the
smallest bottom height changes. The applied wave steepness has a different influence
on the bottom height changes then expected from the state of the art. but in line with
the before noted characteristics. Here the experiment with the smallest wave steepness
/ largest wave length shows the largest change in comparison with the experiments
with the same wave height and higher wave steepnesses (experiments B and C).

4.8.5 Comparison of bottom changes between the experiments without and with

breakwater, measured after 7.5 hours

The breakwater nearly completely blocks the transport downslope. As the slope
seawards of the breakwater is made of concrete, the changes downslope in the
experiment with breakwater are only caused by the small amount of sand passing over
the breakwater and is negligible.

The sand which is transported downslope in the experiment without breakwater is
positioned at the landside toe of the breakwater in the experiment with breakwater.
This causes in all the experiments except experiment E a large bottom height change
in this area.

The bottom height change in the area where the bar and the trough are situated is
smaller in the experiment with than in the experiment without breakwater. This is
caused by the effect of the breakwater on the wave height. The higher incoming waves
break passing over the breakwater and the wave energy reduces causing less bottom
height change. This is noted in the before mentioned erosion volume comparison as
well.

4.9 Cross-shore transport rate

The cross-shore transport rate is calculated from the bottom height change values. The
surface under the curve in the bottom height change graph is calculated starting at x =
0 meter and for every x, (A x = 0.005 meter) the surface under the curve from x =0
meter to x = x, meter is calculated. The here obtained values are positive for an
offshore sand transport and negative for an onshore sand transport. In UNIBEST_TC
this is opposite and the here calculated sand transports are adapted. In the sand
transport rate graphs positive values indicate an onshore and negative values an
offshore sand transport rate through the vertical (see Figure 4.26).
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Figure 4.26  Determination of the cross-shore transport rate.

The transport rate at x = 12 meter should be zero, based on the assumption that the
amount of sand in the test area is constant. In none of the measurements this is the
case. In Claessen and Groenewoud (1995) the following explanation is given for the
change of the amount of sand in the test area:

1. Inaccuracies of the measuring methods

2. different packing of sand

3. sand is transported through the borders (x = 0 meter and x = 12 meter) of the test
area.

ad.l inaccuracies of the measuring methods.

- the PROFO measures the bed with an accuracy of 0.2 mm.

- the PROFO does not ride across the bed with a constant speed.

- profile measurements around the submerged breakwater were difficult to perform,
due to the stones of the breakwater. Sediment was settling between these stones,
which was difficult to measure.

- the visual measurements were performed every 5 cm. Between two visual
measurements the bed was assumed to be straight. This is not correct, because there
were some ripples in the bed.

- it is assumed that the height of the bed is constant over the width of the flume. This
is not the case, because due to boundary effects, caused by the sidewalls, profile
development is not the same over the width of the flume. During a test the original
horizontal bed changes to a slightly hollow- or roundshaped bed.

These are the main reasons for the differences found.

ad.2 different packing of sand.

During a test a lot of particles are stirred up, go into suspension, are transported and
settle down elsewhere. There is a good possibility that the pore volume between the
sand particles will change during the process. The lost or gained amount of sand is in
general too big to be explained by this phenomenon.
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ad.3 sand is transported through the borders of the test area.

Case 1: no breakwater present. The profile measurements started at the beginning of
the slope and ended landwards of the maximum wave run-up. This means sand can
only ‘disappear’ if it is transported landwards or seawards of these borders. No sand
was transported through these borders, through the seaward border only some material
with a very small particle diameter was transported, this amount is negligible.

Case 2: with breakwater present. In a test with breakwater the profile measurements
did not start at the beginning of the slope, but landwards of the submerged breakwater.
This was done because of the following reason. During the first three intervals there
was no transport over the breakwater, so there were no profile changes to be
measured. Only during the last interval some transport took place over the breakwater.
At the end of interval four the average elevation of the bed in this area is calculated by
weighing the amount of sand, calculating the volume and dividing this over the total
area seawards of the breakwater.

Claessen and Groenewoud (1995) compensated the loss of sediment numerically.
Here is chosen to take the measured values. A consequence of this is that a position
must be chosen where the cross shore transport rate should be taken as zero. The
position of the graphs is depending on this location. Here the transport rate at x = 0 is
taken as zero. Positive values represent an onshore transport rate and negative values
an offshore transport rate.

4.9.1 Description of cross-shore transport rate in the experiments without breakwater

An example of the cross-shore transport rate during the experiments without
breakwater can be seen in Figure 4.27 (for full details see Appendix B). In general the
cross-shore transport rate is the highest and concentrated in a smaller area during the
first interval, and reduces during the following intervals. The rate continues
decreasing, because the profile keeps changing towards the equilibrium profile. This
is not reached though, as the rate would be zero for that situation.
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Figure 4.27  Cross-shore transport rates experiment A without breakwater
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4 1 rOSS- rate i iments wi W,

As stated in the earlier sections, the wave height is the main characteristic influencing
the difference between the development of the profile. Here can be seen as well (see
Figure 4.28) that the experiment with the largest wave height, experiment D shows the
largest cross-shore transport rate and the experiment with the smallest wave height
shows the smallest cross-shore transport rate.

Less evident and contrary to expected is the behaviour caused by the different wave
steepnesses. Comparing the experiments with the same wave height and varying wave
lengths (experiments A, B and C) it is noted that in the experiment with the highest
wave steepness (experiments C) the cross-shore transport rate is significantly smaller
than in the experiment with the larger wave steepnesses. This is in line with the
previous discussed characteristics, but not in line with existing theories.
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Figure 4.28 Cross-shore transport rates comparison experiments without
breakwater

4.9.3 Description of cross-shore transport rate in the experiments with breakwater

An example of the cross-shore transport rate during the experiments with breakwater
can be seen in Figure 4.29 (for full details see Appendix B). The same behaviour is
shown as in the experiment without breakwater. The largest transport rate occurring
during the first interval and a reducing transport rate for the following intervals. The
area in which there is a cross-shore transport rate is smaller for the first interval. At
the shoreline there is a small landwards transport rate. The larger changes during the
first interval are here as well caused by the fact that the shape of the profile at the start
of the experiment (1:15 slope) is far from equilibrium.
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Figure 4.29  Cross-shore transport rates experiment A with breakwater

4.9.4 Comparison of cross-shore transport rate in the experiments with breakwater

The differences in the profile development between the experiments (see Figure 4.30)
are comparable to the ones in the experiment without breakwater. A larger wave
height causing a larger cross-shore transport rate. The cross-shore transport rates in
experiment B, C and E are comparable. Here the influence of the breakwater on the
cross-shore transport can be seen, it is causing a reduction of the cross-shore transport
in the experiments B and C.

0.000001
0 =
T =

) e
% -0.000001
]
¥ '
¥ 0.000002
E —experiment A
£ —= cxperiment B
%-‘ -0.000003 ——=expesiment C
- —— gxperiment D
<
E —cxperiment £
T -0.000004
£
T
g
& -0.000005
£

-0.000006

-0.000007

distance (m}

Figure 4.30 Cross-shore transport rates comparison experiments with breakwater
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4.9.5 Comparison of cross-shore transport rate between the experiments without and
with breakwater measured after 7.5 hours

All the cross-shore transport rates are reduced except in experiment A and E. The
amount of breaking of the waves passing over the breakwater is depending on the
wave height and the wave steepness. Experiment A with the lowest steepness and
intermediate wave height shows hardly any change between the experiment without
and with breakwater. The influence of the breakwater on the experiment with the
lowest wave height (experiment E) is very small.

The breakwater only serves its goal in reducing the wave energy if the steepness and
the wave height of the incoming waves are exceeding a certain value.

4.10 Conclusions

In all the described parameters (erosion volume, shoreline movement, beach face
slope, profile shape, bottom height change and cross-shore transport rate) the most
important parameter controlling the observed changes is the wave height. The larger
the wave height the larger the changes.

The influence of the wave length / wave steepness is less clear. Looking at the results
from the experiment with the same wave height and varying wave length / steepness.
the general point noted is that the experiment with the largest wave length / smallest
wave steepness shows the largest changes in the beach profile development. This is
contrary to the state of the art, as for a higher steepness larger changes are predicted
considering beach profile changes.

The influence of the breakwater is in general reducing the erosion volume, shoreline
retreat, bottom height change, increasing the beach face slope, and blocking the cross-
shore transport causing sedimentation at the landside toe of the breakwater for the
case with breakwater. The effectiveness is depending on the incoming wave
characteristics. The amount of waves which break while passing over the breakwater
is depending on the wave height and the wave steepness of the incoming wave. The
experiment with the smallest wave height (experiment E) and the one with the lowest
wave steepness (experiment A) showing the smallest difference comparing the
analysed parameters for the case without and with breakwater. This is as expected as
the higher and steeper waves break sooner than the waves with a smaller height and
steepness.
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CHAPTER 5 CROSS-SHORE PROFILE MODELS

5.1 Review of existing models

There are several types of models to predict beach profile changes caused by changing
hydrodynamic conditions or human interference which according to Roelvink and
Broker (1993) can be grouped into:

- Descriptive models

In these models the beaches and beach states are classified and a description is given
of which parameters influence the state the beach is in. These models are only useful
for describing in a qualitative way the parameters which influence the profile
development.

- Equilibrium profile models

In these models the developed profiles are described by an equilibrium profile. If the
conditions in a certain area do not change significantly, an equilibrium profile can be
reached. These models are useful in situations where the wave characteristics do not
change a lot and the longshore transport gradients can be neglected.

Dean (1987) derived the following formula for an equilibrium profile model:

h=A4*x>" (5.1

S\ 173
where A =225% (W—j (5.2)
g
h =local water depth at a distance x from the shoreline

w = sediment fall velocity
g = gravity

- Empirical profile evolution models

These are an extension of the equilibrium profile models, in which only the final stage
is described, in the empirical profile evolution models the evolution towards the
equilibrium is included as well. This is described in an empirical way, including
empirical coefficients to parameterize a large number of processes and therefore they
must be determined for every site. These models are useful to give an indication of the
occurring transport, the advantage is that a limited computing capacity is required, but
the disadvantage is that the empirical coefficients have to be estimated for each site.

- Process-based models

In these models the profiles are not empirically calculated from the shape of the
profile, but the different processes which govern the profile development are taken
into account. The disadvantage of these models is the relatively large computing
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capacity which is needed. UNIBEST_TC is a model of this type and will be used in
Chapter 6 to compare its performance to predict transport rates with measured values
from experiments.

Basic principles

The processes which are used to calculate the profile in a process based model are the
wave propagation and the correlation of the sediment transport to the water
movement. The input data are cross-shore profile, sediment properties and seaward
boundary conditions such as wave height and period. The rate of change of the bottom
level is computed by solving the continuity equation for the sediment volume.

oz, dq
(-mS (53)
n = pore content of the bed material

During each timestep it is assumed that the boundary conditions and pore content are
constant and that the bottom profile change does not influence the watermovement

(see Figure 5.1).
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Figure 5.1 Basic structure of the morphological models and definition sketch
(Roelvink and Broker (1993))

The time-averaged transport rate is given by:

2,

- 1

g(x)= 5T IJ'Ju(x, z,0)c(x, z,1)dzdt (5.4)
u = horizontal velocity

¢ = volume concentration of sediment.

Because of the complexity of the time scale this equation is schematised and the time
scale is split up:
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u=u+u, +u, +u (5.5)

c=c+c,+c, +¢ (5.6)

u,c  =time averaged values
u,,c, = caused by low-frequency variation

u,,,c, =caused by wind-wave frequency
¥ ,¢ = caused by turbulent variation

Because only the products of terms with the same time scale can have a non zero
value, equation 5.4 can be rewritten as:

Iz

12 }— tl J. I(&E + Uy, Cpp + UyiChy T U C )izdt (5.7)

q9(x) =

The in this report used model (UNIBEST_TC) is a time varying total load model,
which is characterised by the following two assumptions:

- The vertical integral of the sediment flux is taken as the product of the total load and
the velocity at the reference level; assuming that the velocity profile is reasonably
uniform over the layer where most of the transport occurs.

- Supposing that the transport is concentrated in the layer near the bottom where the
concentration is related to the velocity changes, the total load is taken as a function of
the instantaneous reference velocity.

5.2 UNIBEST_TC

Processes shown in Figure 5.1 are calculated or modelled in UNIBEST_TC in the
following way (for further details see Appendix C).

5.2.1 Wave propagation model

In UNIBEST_TC the wave energy dissipation (D) is split up in two parts, D, wave
energy dissipation due to wave breaking based on the model of Battjes and Janssen
(1978) and D; wave energy dissipation due to bottom friction. The wave energy decay
model of Battjes and Janssen is a model for the dissipation of wave energy in random

waves, breaking on a beach.
This model is based on the wave energy balance, written as

L (5.8)
ox

in which P, is the x-component of the time-mean energy flux per unit length, x is a
horizontal co-ordinate, normal to the still waterline, and D is the time-mean dissipated

power per unit area.
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22 Way | breaking (T

To calculate the wave energy due to wave breaking the wave height distribution and
energy dissipation in a broken wave are combined.

- Wave height distribution

For each point with depth (h) a maximum possible wave height (Hy,) is defined, and
assumed is that all the waves which are breaking or broken at this point have a wave
height equal to H,,. Using a probability distribution for the wave height, the
probability that at a given point a height is associated with a breaking or broken wave
(Qy) is determined.

Qh = exp __1..:__Q.”__ (5.9)

2
(Hrmsj
Hm

The average local energy dissipation rate D is proportional to Qy.

The value of H,, is based on Miche’s criterion for the maximum height of periodic
waves of constant form:

H, =088k tanh(2™y] ) (5.10)

To allow for effects of beach slope and of the transformation to random waves H, is
changed into:

H = O.88k"tanh(yk%-88) (5.11)
. . . . 21\’
in which k is derived from T = gktanh(kh) (5.12)

and vy is a (slightly) adjustable coefficient. According to Battjes and Stive (1985) the
value of y does not have a strong relation with the bottom slope, but is slightly related
to the deep water wave steepness. Under the condition that o = 1, as is derived from
the determination of the energy dissipation rate (formula 5.17), they stated the
following expression for y.

¥ = 0.5+ 0.4tanh(33s,,) (5.13)
Sep = Hme / Lo, (5.14)
L,, =g/(2nf?) (5.15)
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- Energy dissipation in a broken wave

Following LeMéhauté (1962), the energy dissipation rate in a broken wave is
estimated from that in a bore of corresponding height assuming it is a single bore
taking place in a uniform flow. Battjes and Janssen apply this to a broken wave which
is one of a sequence on a sloping beach with on both sides of the bore a non-uniform
flow. The exact formula is changed into an order of sense relationship.

3

H
D, oc%fpg——;l— (5.16)

with  f= wave frequency
p = mass density of water

This is applied to random waves and the before stated formulas are used; f is replaced
by the mean frequency of the spectrum, H is replaced by Hy, and the probability of
occurrence (Q,) is added. The factor H,/h is left out of the relationship as most
dissipation occurs in the area where this is in the order of one. The following equation
was derived

o 7
D=—4—thpg (5.17)

in which a = coefficient of order 1.

5.2.3 Wave energy due to bottom friction (Dg)

For the wave energy due to bottom friction (Dy) the following formula is used.

o H T
D =1 ‘ U ridmms 5.18
s = AeS.T Linh(kh)} (>-18)
a -0.194
in which £, = exp[—5.997+5.213(——"—) } (5.19)
r

in which a, is the amplitude of the horizontal orbital excursion near the bottom and r
is 2.5 * Dsy.

5.2.4 Wave energy conservation principle

The energy flux is calculated with a linear approximation.

P =P=Ec, (5.20)
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inwhich  E=4}pgH’, (5.21)

[2nF (1.
cg"[ k (2+sinh2kh)j’ -22)

With this determination the system of equations is closed and H,,, can be calculated
after choosing values for a and y. The user of UNIBEST_TC has to enter these values
as well before running the program.

5.2.5 Momentum balance

The wave induced set up is calculated using the cross-shore momentum equation
following Longuet-Higgins and Stewart (1962).

das o
—X L ooh—L =) 5.23
o T PEh— (5.23)
in which Sx,=(-1-+ 2kh )E (5.24)
2 sinh2kh
h=d+n

d = depth of the bottom below still water level
n = wave-induced set-up

In UNIBEST_TC the wave angle with the shore normal is added as well, but this is
not used as the experiments are done in a waveflume (2DV).

According to Roelvink and Stive (1989) there is a deficit in the wave parameters, the
H,.s wave height, the set up and the energy dissipation, calculated with the model of
Battjes and Janssen. In a region just after a point of initial breaking there is a spatial
shift between the maximum gradient of wave height and that 'of the undertow. An
explanation for this was found in the time needed to convert organised kinetic and
potential energy into small-scale dissipative turbulent motion. To include this
phenomenon in UNIBEST_TC the following equation is added to derive the turbulent
dissipation.

D=D,-pB, %(kxhc cos6 ) (5.25)

where D = pp k7 (5.26)

kg = turbulent kinetic energy

0, = angle of incidence for waves
Br = coefficient of order 1

B4 = coefficient of order 1

¢ = wave propagation/phase speed
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5.2.6 Secondary current

The three layer concept (see Figure 5.2) from Stive and De Vriend (1987) is used to
describe the secondary current.

— Cg

surface loyer Z MMM&

middie layer

bottom layer

Figure 5.2 Three layer concept

The influence of the surface layer on the middle layer is reduced to an effective shear
stress at wave trough level. The secondary current (1) is composed of two factors. The
first is the secondary current caused by non-breaking waves and the second is caused
by breaking waves.

(@)=t 4+ ® (5.27)

2k D

1(t) = pv, == sinh(2kh) + (5.28)
C

¢

v, = eddy viscosity

u, = near bottom oscillatory velocity amplitude
h = water depth

¢ = wave phase speed
D = turbulent dissipation

For the non-breaking waves the velocity in the bottomlayer is determined by a relation
between the amplitude of the near-bottom orbital velocity, the friction factor and the
thickness of the wave boundary layer. This is used as the bottom boundary condition
of the middle layer. In case of breaking waves, the shear stress at the bottom is taken
as zero. To include a spatial lag between the wave breaking and the offshore directed
secondary current the turbulent dissipation (D) is used.

The integral condition of continuity is used, in which the mass flux in the surface
layer is compensated by a return current in the lower layers.
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[vdz =-= (5.29)
; P

7kh) £ (5.30)

2n/ ¢
= mass flux in the surface layer due to breaking waves.

where m = (1 +0,

ng wav

The random wave-field is represented by a bichromatic wave train with accompanying
bound long wave. Under the condition that the surface variance of the random wave
corresponds with the surface variance of the schematised wave train.

The near bottom time varying flow due to short and long waves is given by:

uy, = i, cos(@ )+, cos(® , + Aw )t + i, cos((Am)r +¢) (531

in which Aw = -;—co , = beat frequency (5.32)

o, = peak frequency
u, = long-wave velocity amplitude
uy,; = bichromatic velocity

5.2.8 Short wave orbital velocity

The model REWAVE is used to compute the orbital velocities near the bed due to
short waves. The model is based on the Fourier approximation of the stream function
method as developed by Rienecker and Fenton (1981) and using the wave energy as
an input.

5.2.9 Sediment transport

The formula of Bailard (1981) is used to calculate the sediment transport rates. This
formula is a total load sediment transport model, applicable to a time-varying flow
over a sloping planar bed.

The major part of the sediment suspension in wave conditions is confined to a region
close to the bed (within 3 to S times the ripple height or the sheet flow layer
thickness). The sediment transport is related to the instantaneous fluid velocity and
integrated over the complete wave cycle to obtain the net transport rate. It is assumed
that the sediment transport takes place by two different mechanisms, bedload
sediment and suspended load. From the near-bottom velocities the local near-bottom
sediment transport rate is calculated.
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Bailard combined the following formulas to compose his sediment transport formula.
A slope of cohesionless sediment is subjected to a time-varying flow of water.
Assumed is that the phase difference between the near bed velocity and the bed shear

stress is negligible. The shear stress is given by:
T, = pc,lufu, (5.33)
in which p = water density
= drag coefficient of the bed
u, = time varying velocity
and the rate of energy dissipation:

©,= pcf]ﬁ,r (5.34)

For the local immersed weight sediment transport rate is taken a time varying vector
quantity:

e

. =(K, +K; Jo, (5.35)

K, = bedload transport rate vector
K. s, = suspended load transport rate vector

It is assumed that the bedload transport behaves as a granular fluid shear layer, it
consists of two factors the first one in the direction of the instantaneous velocity and
the second one is directed downslope.

K, =% [0 _tanf. (5.36)
" tang ([ tang

in which:

g, = bedload efficiency

@ = internal angle of friction of the sediment

tanf = the slope of the stream bed

The suspended transport rate vector is composed of two factors as well, the
instantaneous velocity factor and the downslope directed factor. The suspended
transport is supported by turbulent diffusion in the stream.

e I ’[l e anp 2 Bl ] (5.37)

g, = suspended efficiency
w = fall velocity of the sediment
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By combining these formulas and integrating over time the total load transport
formula is obtained. The ratio of sediment volume to total volume of the bed material
(N) is added, and the water density is substituted by the relative density of the
sediment (A). This is the way in which the formula is presented in the manual of
UNIBEST_TC.

g I5) )] ) -S f)]

where:
Ce= 0.5 fw

= exp (-5.977 + 5.213 (a/r)""*h
<> indicate averaging over time

In the model of Bailard and in UNIBEST_TC the velocity moments are calculated
using Taylor series. The velocity moments are expressed in terms of a steady current

u and an oscillatory wave-induced velocity %, combined with the angle between
waves and currents. There are two Taylor expansions possible, one with the orbital
motion small compared to the steady current and the other vice versa.

5.2.10 Morphology

The bottom level changes are computed from the mass balance (see equation 5.3).
Numerical methods to solve these equations can be seen in (Delft, 1992).
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CHAPTER 6 DETERMINATION AND COMPARISON OF THE
TRANSPORT RATE

6.1 Introduction

As described in Chapter 5, the Bailard transport formula will be used to estimate the
transport rates. In the Bailard formula the transport is calculated using several velocity
moments of the water movement near the bottom. To verify the validity of the Bailard
formula for these experiments the transport volumes calculated from the in Delft
measured bottom profile changes are compared with the from the velocity
measurements in Barcelona calculated transport volumes, using the Bailard formula,
and the with UNIBEST _TC calculated transport volumes.

For the experiments in Delft and in Barcelona the same experimental set-up is used.
The difference is the scale of the experiments, in Delft the scale is 1:15 and in
Barcelona 1:4, and the material of which the bottom of the wave flume is constructed.
In Barcelona an unmovable concrete bed is used and in Delft only the bottom part of
the slope is made of concrete and the higher part of the slope is an erodible bed
consisting of sand. Another difference is the used waveboard. In Barcelona a
waveboard is used which absorbs all the reflected waves, the waveboard in Delft only
absorbs the reflected long waves. Because of this contain the waves in Delft more
energy. The difference is larger in the experiment with breakwater as in this case the
reflection is larger. In the comparison of the transport volumes with UNIBEST_TC
the influence of the reflection is included by using the in Delft measured wave height
as input parameter.

The velocity measurements in Delft were performed in a difficult situation with the
changing bottom profile and were restricted to three positions. Therefore the under
better circumstances performed velocity measurements in Barcelona were used and
scaled down to Delft scale.

In the following paragraph a definition of the used velocity moments is given. In the
section 6.3 the obtained transport rates are described and compared. After an
introduction the sediment transport volume calculated from the in Delft measured
bottom profile change is compared with the sediment transport volume calculated
with the Bailard formula from the in Barcelona measured velocity moments. In the
next part the sediment transport volume calculated from the in Delft measured bottom
profile change is compared with the sediment transport volume obtained from
UNIBEST _TC. In paragraph 6.4 conclusions of the comparison are drawn.

6.2 Transport
6.2.1 Introduction

In the formula of Bailard (equation 6.1) the total transport is split up in two parts; the
bottom transport and the suspended transport load. As is unknown for every case how
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much of the transport takes place in each mode, for each case the transport
coefficients (g, and &) have to be set to a certain value.

=gy ) ]

The transport coefficients are derived using the transport measured in Delft and the
calculated transport using the in Barcelona measured velocities. This is done by
looking at the ratio between the in Delft measured transport and the with Bailard from
the velocity measurements in Barcelona calculated transport after the first time
interval (t1 = 30 min) and only using the measurements from the part where the
bottom consists of sand (x > 4.72 m). The combination of the bottom transport
coefficient and suspended transport coefficient which gave the best values for the ratio
in this comparison are applied in UNIBEST TC. These values are given in Appendix

E Table E.2.

6.2.2 Definition of the velocity moments

The velocities are measured at twelve positions. Six of them in the part of the wave
flume with an unmovable bottom and the other six in the part with an erodible bottom,
all of them situated outside the breaker zone. Only the six measurements in the part
with the erodible bottom are used for the transport comparison as the bottom changes
at the other six verticals are negligible. The comparison of the transport volumes is
made at the Delft scale and therefore the Barcelona velocities have to be scaled down.

004 £.03 0,02 .01 0017 0,01 0.02 003

0,067

-3, 117

~a~ deift {a)

depth measured from watersurface (mj

Figure 6.1 Velocity comparison between Delft and Barcelona for experiment A
without breakwater
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To start with the in Barcelona and in Delft measured velocities were compared.
Because of the scale difference the Barcelona velocities were scaled down from a
scale 1:4 to a scale 1:15, by multiplying by V(4/15). The comparison was made for
two of the Delft verticals with two of the Barcelona verticals which have a more or
less comparable vertical position. The differences between the velocities are very
large. There were found some discrepancies in the velocity measurements in
Barcelona and the validity of the mean velocity measurements was disputed. An
example of this velocity comparison is given in Figure 6.1. The velocities in Delft are
measured at vertical (a) during timestep 4, and the ones in Barcelona at vertical 8.

- Velocity moments from the velocities measured in Barcelona

Because the velocity measurements in Barcelona were taken outside the breaker zone
the assumption is made that the mean velocity is small compared to the orbital
velocity.x

The transport predicted by the Bailard formula is calculated using only the orbital
motion. Before calculating the velocity moments the mean current is subtracted from
each measurement.

W’ = 1 Z lu, — | p=3.5 (6.2)

n=1

v = %z]u, —al'(u, - 1) q=2.3 (6.3)

n=l

- Velocity moments from the calculation in UNIBEST_TC

The velocity moments in the model of Bailard and in UNIBEST_TC are calculated
using Taylor series. Because the verticals in which the velocities are measured lay
outside the breaker zone, the assumption is made that the mean velocity component is

small compared to the orbital velocity. The following Taylor expansion is used, it is
simplified because there is only a velocity in the x-direction.

For the odd velocity moments:
() = (@°) + 30 (%) + (6.4)

() = ([l @) + 4 ([@*]) + 6 () + 42* () (6.5)

! The obtained results for the mean velocity cannot be used as there were some problems with the
velocity measurements during the experiments performed in Barcelona.
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and the even velocity moments:

() = (i) + 3y + 33 () (6.6)
(Wl*) = (i’ + sa(jar' @) + 10" () + 10w (alr) + siz* ) (6.7)
in which: % = mean velocity component

u = time varying velocity component

6.3 Comparison transport volumes

To increase the readability of this section the following abbreviation will be used.

- Sediment transport volume calculated from the in Delft measured bottom profile
change = Delft transport.

- Sediment transport volume calculated with the Bailard formula from the in
Barcelona measured velocity moments = Bailard transport.

- Sediment transport volume obtained from UNIBEST_TC = UNIBEST transport.

6.3.1 Comparison Delft/Bailard

The transport in the Delft experiments is calculated from the measured bottom profiles
(see paragraph 4.9 Cross shore transport rate). To show how the transport is calculated
with the Bailard formula an example is given of the calculation of the transport
through vertical 9 in experiment A in Appendix D.

When choosing the best data set for the comparison of the transport volumes obtained
from the profile measurements in Delft with the transport volumes calculated with
Bailard from the velocity measurements (Barcelona), the following contradiction is
noted:

- In Barcelona the velocities are measured in a wave flume with a stable bottom, these
measured velocities are not influenced by a changing bottom profile. In the Bailard
formula the original bottom slope is used. Emanating from this the best possible
comparison of the values of the bottom profile transport is made just after the start of
the experiment, when the profile has hardly changed.

- In the experiment performed in Delft with the moving bottom profile the relative
mistakes are the largest after the first time period, because the profile has not changed
a lot and the deviation of the measuring instrument is the same for each experiment,
therefore it would be better to use the last measurement to make the relative error the
smallest possible.

There has to be made a choice what factor has the most influence on the results; the
change in the velocity due to the bottom profile change, or the deviation of the
measuring equipment. Here is taken the velocity profile after interval 1 (t1 =30 min).
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In the Bailard formula the velocity moments near the bottom are used. There is not
given where exactly they should be taken. The here used value is obtained from an
extrapolation until the bottom of the velocity measurements. This might be a source of
erTors.

To illustrate the correlation between the Delft transport and the Bailard transport
graphs are plotted from the Delft transport and the Bailard transport (see Figures 6.2
and 6.3).

The applied values for the transport coefficients are taken within the range used in
previously published studies. The maximum applied value for g, is 0.2 and for g is
0.03. In general can be seen that the resemblance of the data in the experiment without
breakwater is better than in the experiment with breakwater.
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meusured Dolft trunsport volume (m*¥m)

Figure 6.2 Comparison Delft with Bailard transport volumes, experiments without
breakwater

In nearly all the cases the transport volume calculated with Bailard is smaller than the
transport volume measured in Delft. In the experiment without and with there are
cases for which the Delft transport is directed in one direction and the Bailard in the
opposite. In the graph of the experiments without breakwater (Figure 6.2) can be seen
that experiment D, the experiment with the largest wave height and the largest
changes in the profile has the largest deviation between the two transport values.

The with Bailard calculated transport values are in general lower than the measured
ones. This can be caused by an underestimation of the Bailard formula of the
transport, using for the transport coefficients the above mentioned restrictions. More
likely is that the used values for the velocities, using only the orbital velocities and
neglecting the mean velocity, cause a reduction. Another possible cause of errors is
the in the introduction mentioned different type of wave board used in the two
experiments causing a higher wave energy in the Delft experiment.
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Figure 6.3  Comparison Delft with Bailard transport volumes, experiments with
breakwater

Comparing the values obtained in the experiment without and with breakwater it is
noted that in the experiment with breakwater the differences between the transport
values are larger. This might be caused by the occurrence of a larger mean velocity in
the experiment with breakwater which is neglected in the Bailard transport.

The values for the transport coefficients are chosen as the ones giving the lowest ratio
comparing the transport measured in Delft and the calculated transport from the in
Barcelona measured velocity moments (see 6.2.1 Introduction). For the experiments
without breakwater the best set of the transport coefficients (g, and €) is different for
each experiment, g, is laying in the range of 0.10 until 0.20 and ¢, in the range of 0.01
until 0.03. In the experiment with breakwater for all the experiments the maximum
values are taken, g, as 0.20 and ¢ as 0.03.

6.3.2 Comparison Delft/UNIBEST _TC

For this comparison the six vertical positions of the Delft/Bailard comparison are used
and three verticals are added in the shorewards direction to see if the difference
between the two transport volumes decreases if the transport volume increases. The
input parameters used in UNIBEST TC are given in Appendix E. The input
parameter for the wave height is taken as the by Claessen and Groenewoud (1995)
measured wave height at WHMI1, which was situated at x = -3 m, the start of the
applied profile in UNIBEST _TC. The Delft transport and the UNIBEST transport are
plotted in Figures 6.4 and 6.5 to illustrate the relationship between them and the
influence of the breakwater on this relationship.

60



002 0.015 0.01 0005 Ao

4 x -0.005 -

‘o experiment A
& experiment 8
A experiment C

x expariment D
001 - ’ o experiment E

.
—— Deift = Unibest

calculnted Unfbest trasnpert vohumse (w ¥m)
*
x

x . 0015 -

messured Delft transpoct volume (m* Vm)

Figure 6.4  Comparison Delft with UNIBEST transport volumes, experiments
without breakwater

In UNIBEST_TC for each timestep the cross shore transport rate (S, [m3/m/s]) is
calculated. The average value from the start of the experiment until the end of the
applied interval is calculated and multiplied by the total duration. As the transport
coefficients g and g, applied in UNIBEST _TC are derived from the comparison of the
Delft transport with the Bailard transport it is possible that if other values are taken
the difference between UNIBEST transport and Delft transport would be smaller.
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Figure 6.5  Comparison Delft with UNIBEST transport volumes, experiments with
breakwater
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The values measured in Delft are in general larger than the ones calculated with
UNIBEST_TC. This can be caused by an underestimation of the velocities calculated
in UNIBEST_TC or an underestimation of the transport volume in UNIBEST_TC
(Bailard formula).

In the experiment without breakwater are the differences between the Delft transport
and the UNIBEST transport smaller than in the experiment with breakwater. The
underestimation of the transport with UNIBEST_TC is much larger in the experiment
with breakwater than in the experiment without breakwater, caused by the fact that
UNIBEST TC is unable to calculate the correct transport for a profile with an
underwater breakwater.

6.4 Conclusions of the comparison between the measured and calculated
transport

The Delft transport is in general larger than the Bailard and the UNIBEST transport.
This difference would be smaller for some experiments without breakwater and all of
them with breakwater if the applied values for the transport coefficients were not
taken within the range used in previously published studies. Here, trying to get the
best resemblance possible, the maximum applied value for &, is 0.2 and for & is 0.03.
Another explanation might be for both cases (comparison with Bailard and with
Unibest) an underestimation of the transport in the Bailard formula. For the Bailard
transport the other causes might be the negligence of the mean velocities in the
calculation of the velocity moments or the smaller absorption capacity of the wave
board used in the Delft experiments causing a higher level of wave energy in these
experiments. In the comparison with the UNIBEST transport the smaller value of the
obtained transport might be caused by an underestimation of the velocity moments in
the programme.

In the experiment with breakwater the ratios between the Delft transport and the
Bailard transport and the ratio between the Delft transport and the UNIBEST transport
are in general larger than in the experiment without breakwater. This might be
explained by the following:

- UNIBEST _TC is incapable of calculating the correct transport for a profile with an
underwater breakwater. In nature (experiment) the breakwater causes an increase in
turbulence and an increase of the average wave frequency. This is not included in the
UNIBEST_TC model.

- The velocity development along the depth is influenced by the breakwater. The
mean velocity will increase and will be directed seawards. This mean velocity
component is not taken into account in the calculation of the velocity moments from
the Barcelona velocity data and therefore is the calculated transport smaller than the
measured transport.

The ratio between the Delft transport and the Bailard transport and the ratio between
the Delft transport and the UNIBEST transport is smaller for the larger transport
volumes, caused by a larger wave height and/or wave length and a longer duration of
the experiment. There are several possible explanations for this phenomenon:
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- As the transport volumes are larger the relative error will be smaller.

- The Bailard formula can underestimate the transport volumes in the deeper water
where the waves have not yet start shoaling.

- The in UNIBEST _TC used calculation for the velocity moments may underestimate/
overestimate certain values.

For the experiments without breakwater the best set of the transport coefficients (g,
and g,) is different for each experiment, €, is laying in the range of 0.10 until 0.20 and
g, in the range of 0.01 until 0.03 (see Appendix E, Table E.2). In the experiment with
breakwater for all the experiments the maximum values are taken. €, as 0.20 and g as
0.03.




CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The main aim of this master’s thesis is to study the influence of a submerged
breakwater on the morphological behaviour of the beach profile behind it.

The observed beach profile behaviour is tested and found in agreement with existing
predictive criteria for erosion/accretion. The model scale is not affecting these results
and the data set can thus be considered as ‘correct’ from a qualitative point of view.

The following parameters are analysed for the morphological data obtained in Delft;
erosion volumes, shoreline retreat, beachface slopes, developed profiles, bottom
height changes and cross shore transport rates. The most important parameter
controlling beach profile changes is the wave height. The larger the wave height, the
larger the changes. The influence of the wave period (wave steepness) is less evident.
In general comparing the experiment with equal wave height, larger wave period
(smaller wave steepness) produces larger changes in the beach profile development.
This is not the expected behaviour, normally the smaller the wave period (the higher
the wave steepness) the larger the changes, as far as beach profile morphodynamics is
concerned.

The experiments without and with breakwater are compared, the influence of the
breakwater is reducing the erosion volume, shoreline retreat, bottom height change,
increasing the beach face slope, and blocking the cross shore transport, causing a
sedimentation at the landside toe of the breakwater. The effectiveness of the
breakwater is depending on the incoming wave characteristics; larger in the
experiments with larger wave height (experiment D) and steeper waves (experiment
C). This is caused by the larger amount of waves that break over the breakwater. One
of the aspects arising from the analysis is that the breakwater has a better effectiveness
reducing erosion volumes than shoreline displacements.

The sediment transport volume through certain verticals is calculated in three ways:
the first one from the morphological data measured in Delft, the second one using the
velocity moments measured in Barcelona in an energetic transport model (Bailard)
and the third one applying a numerical model (including wave propagation and
hydrodynamics) UNIBEST TC.

From the comparison of these values it can be noted that the transport values obtained
with the Bailard formula and UNIBEST_TC are smaller than the ones obtained from
the morphological experiments.

Possible explanations for this phenomenon might be:

- Underestimation of the transport in the Bailard formula. There is a theoretical
restriction on the transport coefficients used in the Bailard formula (and in
UNIBEST _TC), which is taken from the literature (g, < 0.2 and ¢ < 0.03). With
larger values for these constants the differences might be smaller for some tests
without breakwater and will be smaller for all the tests with breakwater.

- For the Bailard formula the negligence of the mean velocity will reduce the
calculated transport, and the difference in the absorption capacity of the wave
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generation system will cause a higher energy level (and a larger transport) in the Delft

experiments.
- For UNIBEST_TC the cause might be that the calculated velocities will be

underestimated by the programme.

The differences are much larger in the experiments with breakwater. Additionally to
the general explanation the following is applicable for the experiments with
breakwater.

- UNIBEST _TC is incapable of including a submerged structure and calculating the
influence that this structure has on the increase of turbulence and mean wave
frequency.

- The velocities applied in the Bailard formula are restricted to the orbital velocities.
The breakwater causes an increase in the mean velocity which is neglected here.

7.2 Recommendations

This study is based on just one set of data for each test case (different applied wave
characteristics and without / with breakwater), to get more reliable results more
experiments should be carried out.

To get more information on the final effect the morphological experiments should
have been performed for a longer time period, here there is no equilibrium state
reached.

Additionally due to the observed ‘wrong’ beach profile behaviour in function of the
wave steepness, it is proposed to increase a bit the grain size in order to see if the use
of very fine sediments is conditioning the results.

The mean velocity measurements were not correct and therefore only the orbital
velocities were used. The verticals where the measurements were performed were all
positioned outside the breaker zone, the development inside the breaker zone is
interesting as well, there is less known about it. The comparison should be made again
including the mean velocities and with measurements performed inside the breaker
zone as well.

Finally, a very simple recommendation is done, regarding the beach profile

measurements: the connection between the PROFO measurements and the ‘visual’
ones has to be improved because it makes the results non-conservatives.
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APPENDIX A

- GRAPHS PREDICTING EROSIVE/ACCRETIVE RESPONSE OF THE
PROFILE
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APPENDIX B

BEACH PROFILE RESPONSE EXPERIMENTS B, C, D AND E.

- Bottom profile development
- Bottom height change
- Cross shore transport rate
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Figure B.24  Cross shore transport rate, experiment E with breakwater
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Figure B.26  Comparison bottom profile development experiment C without and with
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MATHEMATICAL-PHYSICAL DESCRIPTION

LIST OF SYMBOLS

Wave propagation

E wave energy

p density of water

g gravitational accelaration

H.., root mean square wave height

¢, group velocity

W, relative wave frequency

k wavenumber in direction of propagation

v alongshore directed depth-averaged velocity
D¢ : wave energy dissipation due to bottom friction
D, :  wave energy dissipation due to wave breaking
Q, . fraction of breaking waves

H, :  maximum wave height

f : friction factor

Dy : 50% grain diameter

Turbulence model

B 1 coefficient of order one

Bqa :  coefficient of order one

k, :  turbulent kinetic energy

Cross-shore momentum equarion

angle of incidence for waves
S :  radiation stress

Longshore momentum equation

iy the longshore water-level gradient due to the tide
A calibration coefficient

f. friction factor due to steady current

Olg amplitude of the orbital velocity for H,,,

e



Secondary current

<
a

U e = oo
o

3 A &
_N
v @

Long waves

eddy viscosity

near bottom oscillatory velocity amplitude
water depth

wave phase speed

turbulent dissipation

secondary current

orbital wave velocities

wave averaged surface elevation

mass flux due to breaking waves

transfer function [Sand, 1982]
short wave amplitudes

long bound wave amplitude
beat frequency

peak frequency

long-wave velocity amplitude
bichromatic velocity

Sediment transport

two directions perpendicular to each other

transport {m3/m’/s]

instantaneous, total velocity vector near the bottom [m/s}

instantaneous velocity component in x and y direction respectively [m/s]
dz,
ax
9z,
By

relative density of sediment {-]

ratio of sediment volume to total volume, bed material {-]
angle of internal friction [rad]

fall velocity [m/s]

friction coefficient = %4 f,

efficiency factor bottom transport

efficiency factor suspended transport

amplitude of hor. orbital excursion [m]

2.5 * Dy

, 2, = bottom level, + = upwards

Cc.2




Velocity moments

mean velocity component

u
a wave velocity component
d, short-wave velocity component
4, long-wave velocity component
T, peak period
Morphology
z :  bottom level

< : cross-shore sediment transport
Formulations

The UNIBEST_TC module is a direct descendant of the models OSTRAN [Stive and Battjes,
1984] and CROSTRAN ([Stive, 1986}. In Roelvink and Stive [1989], the model is tested against
wave flume measurements and improved on some points.In this paper a more detailed description
of the mathematical-physical formulations used in the UNIBEST_TC module is given than

presented here.

CURRENT FIELD

YA

WAVE FIELD

b

—2Y
Figure C.1 Definition of coordinate system and domain
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Wave propagation model

The wave energy decay model of Battjes and Janssen [1978] is used. It includes the wave energy
changes due to bottom refraction, shoaling, bottom dissipation and wave breaking. The current
refraction due to the longshore velocity component in the short-wave propagation direction is
included as well:

D, D

.i[c COSGV—}-E—]*-——E+—£=O
dx ¢ W, 0, W,
where:

1 2
E=§PgH~mu

dw,
C:.._.
& dk
mr=m~ksin6wV,w=21:/I'

@’ = gk tanh (kh)

D, =%pgacQ4,(mJ2n)H§,
and:

1 -
Qb = exp |- Qb

By

HM

calibration coefficient a, = O(1)

H, = (0.88/k) tanh (yki/0.88)

&, Hoy )’
sinh(kh)

l -1
D,=—pf n™
f SPw (
and:

w

~194
£ = exp |-5.997 + 5213 [f!)
T
a, is the amplitude of the hor. orbital excursion near the bottom

ris 2.5 - Dg

c4




The turbulent dissipation is derived from the following equation:

3
D =D, - pB; — (khc cosf)

ox
where:

3

D = pp, k?
The cross-shore momentum equation which is used to calculate the wave induced set-up:

d &
g5 @ _y
o Sn tPER

where:
S, =E (n(l + cos26,) - 1/-.»)

n-_ X
2sinh(2kh)

The wave angle with the shore normal is after Snel’s law:
k sin@, = constant

The longshore momentum equation, which describes the balance between the driving forces of the
longshore current due to the tide and waves and the bottom friction:

. D, . (1 + sin’6y) -
pghi, - = k sinf_, = Ap -—-‘/—_;—‘" JEED Tlg v

Secondary current

The secondary current is due to the vertical non-uniformity of the driving forces in the nearshore
zone. This is modelled according to the formulations given by Stive and de Vriend [1987]. They
use a profile function technique in combination with a horizontally two-dimensional current to
describe the three-dimensional current system in the coastal zone. The secondary current velocity
is estimated using a three-layer concept.

Cs




———» Cg

surface iayer 2 M w&m

middle layer

bottom layer

Figure C.2 Three layer concept

The influence of the surface layer on the underlying layers is accounted for by an effective shear
stress at trough level [Stive and Wind, 1986]. This compensates for the momentum decay in the
surface layer due to viscous dissipation and momentum loss due to wave breaking. The effective
shear stress is at wave trough level is given by:

2
K
® = pv, 3‘;— sinh(2kh) + .’ci

The use of the turbulent dissipation instead of the wave energy dissipation results in a spatial lag
between the wave breaking and the offshore directed secondary current.

The horizontal wave-average momentum balance for the middle layer in the cross-shore direction
reads:

9 ("w SGH) = ?3% (<u?> - <w?) + g 9 <z>

oz oz ox
For the bottom layer the horizontal wave-average momentum equation in the cross-shore direction
is given by:
3 <z>
9 v, ). 8 (<u>> - <w?) + g % + 9 (<uw>)
oz oz ax ax oz

where the last term on the right-hand side is no longer negligible compared to the Reynolds stress
term given on the left-hand side of the equation. With the shear stress condition at the trough level
and a no slip condition at the bottom, the solution for the secondary current is obtained by
patching the velocities and shear stresses at the bottom boundary z,. Using the integral condition
of continuity:

C.6



[uez--2
" p
where:
7kh) B
=11 + — =
- ( Qbe]c

and m represents the mass flux in the surface layer due to breaking waves yields the final
expression for the secondary current.

Long waves

In the case of a random wave field the grouping of the short waves will generate long waves. The
assumption is made that the wave-group related features of a random wave field may be
represented by a bichromatic wave train with accompanying bound long wave. For the amplitude
of the bound long wave is used:

where the condition that the schematized wave train has the same surface variance as the random
wave has been used. The individual velocities are obtained using linear wave theory.

For the long wave component is taken:

. e
weh

The near bottom time-varying flow due to short and long waves is given by:
u, =0, cos(wpt) + 8, cos(wp + Ao)t + i, cos((Aw)t + §)

[0

The beat frequency Aw = °

-

Short-wave orbital velocity ;

The orbital velocities near the bed due to short waves, which determine the strength of the onshore
directed wave assymetry transport, have been computed using the model RFWAVE, developed
at Delft Hydraulics [G. Klopman, 1989]. It is based on the Fourier approximation of the stream
function method as developed by Rienecker and Fenton [1981], using wave energy as input.

Cc.7



Sedimen: transport

The sediment transport is calculated according to the formulations given by Bailard {1981], of
which only the cross-shore component is used for the time-dependent morphological computations.
This formulation includes transport due to the combined actions of steady current, wave orbital
motion and bottom slope effect. The Bailard transport model in 2 horizontal dimensions is given
by:

q - % 8 <‘|’j!2ﬁ>~mox<|\ﬂ3> +
*  AgN und o
. f.‘[qa Pa>- 2 tanp < @[5>
AgN w w ‘
g - C¢ €p <36[2§>-mﬁy<]ﬁi3>1‘
Y AgN tand 4 tang J
¢ € - - € -
+ AgN ;.{ﬂ“ P“y>'émﬁy<,u 15>
where:
¢ :05f,
£, :exp[-5.977 + 5.213 @@/

< > indicate averaging over time.

The longshore transport is defined as the component of the total transport vector in longshore
direction.

The transport formulation contains several velocity moments. The time-averaged total near bed
velocity is split up into a mean and a time varying velocity component:

u =u + )

where #(t) stands for the velocity variation on the time scale of the wave groups and that of the
individual waves. With these separate terms for the wave-orbital motion and the steady current
the terms <[@{™ u">, withm = 2, 3, S and n = 0,1 can be approximated by a Taylor series. In

these series the angle between waves and currents has also been included.

Two Taylor expansions are possible: one with the orbital motion small compared to the steady

current and vice versa.
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Figure C.3 Velocity directions

The first yields the following expressions for the odd velocity moments in u-direction:

& o+ u <d?> (1 + costg) + <i’> cos¢

<[ Pu>

<lufu> = [ufu + Juju <@®> (3 + 9cos?e)2 + [u| <@’> (3cosp - cos’p) +

+ 2 <@ (3 + 6cosPp - cos‘e)/8
u

the odd velocity moments in v-direction:

<l |>v> = u <d?> (2singcose) + <i’> sing

<ju,Pv> = [ufu <@® (3singcosg) + [u| <i’> (3sing + 3singcos’)2
+ = <i*> (3singcosp - singcos’y)2

fu

and the even velocity moments:

<fu > = [af + [u] <@ @ + cos?)2 + — <@*> (3cos@ - cos’@)2
u
<fu > = [af + [uf <a® (5 + 15cos?p)2 + [ufu <a®> (15cos@ + Scos’e)2
+ Ju| <@*> (15 + 30cos’e - Scos'e)/8
+ —l—B—I- <i@’> (15cosp - 10cos’@ + 3cos’@)/8
u

(O8]




Where:
¢ =06, -0

YA

<l

Ow

Figure C.4 Velociry directions

If the mean velocity component is small compared to the orbital velocity the Taylor expansion
yields for the odd velocity moments:

<|u [fu> = <i®> + u <i*> (3cosg) + @ (cos¢)
<fuu> = <|afa> + u <[a®|> (dcosq) + o <ldj@> (3 + Ycosip)f2 +
+ 0 <[]> (3cosp + cos’p)
the odd velocity moments in v-direction:
<y > = u <a? (sing) + U (sing)
<[y, Pv> = u <|d*|> (sing) + W <|i|d> (3sinpcose)
+ ¥ <|i|> (3sing + 3singcos’e)f2
and the even velocity moments:

<ju > = <]@]>> + u <|d]a> (3cosp) + u* <[> (3 + 3cos’e)2

W

<ju[*> = <[d*> + u <[@PG> (Scosp) + 0 <|i[*> (5 + 15cos¢)2

+ 0 <[> (I5cosp + Scos’e)2
+ ' <|@|> (15 + 30cos’e - Scos‘e)/8
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where:
¢ =06 -6

< w'

A smooth transition from one formulation to the other is taken care of.

The orbital velocity component is split up into a short-wave and a long-wave component:

The long-wave velocity is assumed to be significantly smaller than the short-wave component. A
second assumption is that there is no correlation between u, and |u,|*. With these assumptions we
can write for the following odd velocity moment:

<ila|®> = <us}u’]2> +13 <“1!“;l2>

Where the first term on the right is non-zero in the case of an assymmetry about the horizontal
plane caused by the non-linearity of the short waves. As mentioned before, this part is calculated
with RFWAVE.

The second term on the right is nonzero if there is a correlation between u, and uf . This
correlation is present in the case of long bound waves accompanying a short-wave group, resulting
in a negative correlation. In that case the velocity moment is approximated by:

3 <u]|u’|2> - <uu3>

where the bi-chromatic velocity component is calculated as described previously. The other
velocity moments are expanded in a similar way. In order to reduce computing time, the results
have been tabulated as function of two dimensionless variables:

= 3

Morphology

The bottom level changes are computed from the mass balance:

a 95,
F —

ot ox

=0
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CALCULATION OF TRANSPORT WITH THE BAILARD FORMULA.

Example of calculation of the transport through vertical 9 of experiment A (all the
values are taken at Delft scale).

In the Bailard formula applied in UNIBEST_TC the friction factor is given as:
f,, = exp((-5.977+5.213(a,/r)*-0.194)
with r= 2.5*d50
= (T, /2*n)*Uy4
Ud n*H /(T,*sinh(2*n*h/L))

Applied to experiment A vertical 9:

= 0.282m
dsp= 0.000095 m
T,= 2.07s
;= 0.1m
L= 6.69m
g= 981 ms
*
Us= 2‘1:‘0.287:/6.6?.1 Sromeey = 0-9654 m/s
2.07* (e ¢ j
2
A, = 2.07 4 0.5654 =0.1863 m
2*n

r=2.5*0.000095 = 0.0002375 m

0.1863 )—0.]93)

(-5,977+5A21 3‘(——-
0.0002375

f.=e =0.0106

The instanteneous bed load and suspended load transport rates are expressed as:

_ S &y tanf
o = Ang tar:(p [<lu[2 > tang <l | >}

0= | ) - Z )

,\

in which:

Qp.w = instanteneous wave-induced bed-load transport (m /m’/s)

g, = instanteneous wave-induced suspended load transport (m /m’/s)
u = instantaneous near-bed orbital velocity (m/s)

g, = efficiency factor for bed-load transport (0.1-0.2)

g, = efficiency factor for suspended load transport (0.01-0.02)




¢; = friction factor based on the particle diameter = 2 f, (-)
B = bottom slope (0)

¢ = dynamic friction angle (tane = 0.6), (0)

w, = fall velocity of bed material (m/s)

N = ratio of sediment volume to total volume bed material (-)

Applied to experiment A vertical 9:

£, =0.0106 <ufu> =-0.000399 m’/s® (%)

p = 1000 kg/m’ <luP> = 0.004833 m’/s’

p, = 2650 kg/m’ <{uPu> = -0.0001564 m*/s*

g =9.81 m/s’ <luf’> = 0.000345 m’/s’

g, =0.15

g, =0.02

tane = 0.63

tanB = 0.0667

w, =0.01 m/s

N=04

0 = 1%*1000 * 0.0106 * 0.15 {_0_000399 ~ 0.0667 , 0.00483%
* (2650 -~ 1000)* 9.81* 0.4 * 0.63 0.63

=.1.7749¢-07 m*/m’/s

0.02

1/ * * *
15 %1000 * 0.0106 * 0.02 [_0'000156_001

~ (2650 —1000)* 9.81* 0.4 * 0.01

s *0.0667 * 0.000345}

=.3.3075e-07 m’/m’/s

Gur = Qo + G = —1.7749¢ — 07 +=33075¢ — 07 = 5.0823¢ — 07 m*/m’/s

At t1(=30 min) the total transport is:
Si=30 * 60 * -5.0823e-07 = -9.1482¢-04 m’/m’

The transport measured in Delft through vertical 9 experiment A is -1.0085e-03
m’/m’.
The ratio is -1.0085e-03 / -9.1482e-04 = 1.1024

(*)! Velocity moments include only the oscillatory contributions.
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INPUT PARAMETERS UNIBEST_TC

Definition of the profile

mean sea level: hy = 0.65 [m]

Definition of gridpoints (see table E.1)

The grid is made taking into account the positions where the velocity measurements in
Barcelona have been taken, because values at these points are needed to be able to
make a comparison. The first part of the slope is constructed from concrete and there
is not a lot of transport down the slope, so the grid is taken quite wide. In the area near
the breakwater and the first part shoreward of the breakwater where the most transport
is taking place the grid is fine. In the last part the changes are rather small and the grid
1s taken larger.

Number of Ax [-] Ax [m] From / until [m]
10 0.50m -3.00m-2.00m
1 0.15m 200m-2.15m
2 0.40m 215m-295m
1 0.55m 295m-3.50m
14 0.05m 3.50m-420m
4 0.04 m 420m-436m
7 0.05m 436 m-471m
8 0.09m 471 m-543m
1 0.08 m 543 m-551m
8 0.09m 551m-623m
1 0.08 m 6.23m-631m
1 0.09m 631 m-640m
16 0.10m 6.40m-8.00m
1 0.30m 8.00m-830m
1 0.20m 830m-8.50m
14 0.25m 8.50m-12.00m

Table E.1 Definition of gridpoints in UNIBEST TC

Wave conditions

For the wave height is taken the average value of H,,; measured at x = -3.00 meter
over the whole duration of the experiment in Delft (see table E.2).
For the period is taken the peak period of the input of the wave board (see tableE.2)




General parameters

wave breaking parameter gamma = 0.75 [-]

wave breaking parameter alfac 1.00 [-]

friction factor fw = 0.01[-]

bottom roughness rkls = 0.05 [m]

experiment Hp [m] T, [s] &y [-] & [-]
exp A without 0.069 m 2.07s 0.15 0.02
breakwater

exp B without 0.071 m 1.55s 0.20 0.03
breakwater

exp C without 0.069 m 1.29s 0.10 0.01
breakwater

exp D without 0.100 m 1.81s 0.20 0.03
breakwater

exp E without 0.048 m 1.29s 0.10 0.03
breakwater

exp A with 0.080 m 2.07s 0.20 0.03
breakwater

exp B with 0.084 m 1.55s 0.20 0.03
breakwater

exp C with 0.074 m 1.29s 0.20 0.03
breakwater

exp D with 0.101 m 1.81s 0.20 0.03
breakwater

exp E with 0.049 m 1.29s 0.20 0.03
breakwater

Table E.2 Input values of the wave characteristics and transport coefficients per

experiment.

Sediment parameters

Coefficient bottom transport

Coefficient suspended transport

sediment fall velocity

tangent of internal friction angel
50 % grain diameter

sediment density

sediment porosity

epsb (&)

epss (&)

wee (W)
tanf (tano)
dsed (dsg)
rhos (p,)
por (N)

I

depending on the
experiment

(see table E.2) [-]
depending on the
experiment

(see table E.2) [-]
0.01 [m/s]

0.63 [-]

95 e-06 [m]
2650 [kg/m’]
0.4[-]




Run parameters %

The smallest possible timestep is taken (t = 0.01 day). The in Delft performed
experiments lasted 7.5 hours, so the number of timesteps is 32.

Optional parameters .
definition of ‘dry’ Tdry = 21 []

(T4 = computations carried out up to the point where the relative wave length
becomes too great; depth <g * (Tp/Td,y)2 ; depth = 0.05 m)




