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ABSTRACT

An accurate, computationally efficient shoreline model is fundamental to understanding
long term shoreline behaviour. Currently, one-line models can be used to perform this but
are limited to either cross-shore or alongshore changes only. A simple, more robust model
could be developed based on volumetric beach profile changes. However, this requires large
empirical datasets to explore the relationships between wave and shoreline variables. In
instances where such data is not available, process-based models such as XBeach are an
attractive solution. Therefore, it is important to explore the ability of processes-based models
such as XBeach to accurately predict shoreline changes under varying wave conditions.
In this study two wave conditions associated with erosion (H; =3m) and accretion ( Hy
=1m) were used to evaluate the performance of XBeach to accurately predict shoreline
changes. The east coast of South Africa was used as a case study site. The coastal areas of
South Africa are known for their high energy wave climate resulting in a dynamic shoreline,
with significant onshore and offshore sediment transportation. The effects of wave non-
linearities on sediment transport was estimated using XBeach’s built-in wave asymmetry and
the skewness calibrating factors. The sensitivity of sediment transport to these parameters
was investigated by running 180, 1D wave flume simulations. The 180 simulations were
formulated by varying the wave asymmetry and skewness calibrating factors, sediment
transport models, and approaching wave conditions. The results showed that increasing the
magnitude of the calibrating factors increased onshore sediment transport. This was attributed
to an increase in the advection velocity in the onshore direction. The investigations on the
model capacity showed that the wave asymmetry and skewness related parameters control
the cross-shore sediment movement direction. It was found that a single set of model input
parameters were not able to produce both onshore sediment transport during low energy wave

conditions and offshore sediment transport during high energy wave conditions. This study



iv

demonstrated that calibrating factors should depend on incoming wave energy. Currently,

they are not implemented like this in XBeach.
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CHAPTER 1: INTRODUCTION

The chapter contains the motivation of the research, aims and objectives, and the outline of
this dissertation.

1.1 Background and Motivation

In regions with limited shoreline observations, coastal engineers rely on numerical models to
explore the shoreline changes that are expected to occur as a result of observed and forecasted
wave conditions. Accurate simulations of shoreline changes are essential to improve coastal
engineering designs. In such regions, where there is limited shoreline observations, the
numerical simulations should simulate both accretion and erosion as a function of the ap-
proaching wave energy. High energy waves drive offshore sediment transport in coastal areas

throughout the world (Dean & Dalrymple, 2004; Corbella & Stretch, 2012b; Jara et al., 2015).

Cross-shore sediment transport occurs over a shorter time scale in comparison to alongshore
sediment transport. Therefore, during storm events, the cross-shore sediment transport is
more dominant and results in significant changes to shoreline positions and beach profile
shape. Figure 1.1 shows the result of cross-shore sediment transport under high energy wave
conditions. These changes have a negative impact on both the infrastructure and economy of
the affected coastal area. Although, coastal areas are susceptible to storm wave conditions,
the implementation of hard and soft engineering solutions, such as breakwaters and geotextile
sand-filled containers, can mitigate the damages that occur during the large wave events.
The soft engineering solutions such as Geotextile Sand-filled Containers (GSCs) are usually
preferred because they are not permanent structures and have minimal effects on coastal
environments (Corbella & Stretch, 2012a). GSCs are used as artificial dunes (i.e. where

they are covered by sand and vegetation). Allan & Komar (2003) reported that this method
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managed to withstand extreme wave conditions from 1999 to 2002 that would have eroded
the dune, resulting in the shoreline recession and beach sand volume loss. Hence, the GSC
revetment is to be placed on parts of the coastline where the beach experiences the most

concentrated wave energy during extreme wave conditions.

—

iT‘ ...
'.

Figure 1.1. 2007 Storm damage to (a) Ballito Bay and (b) Umkomaas (Mather, 2012)

Understanding the volumetric sand changes of a beach as a function of the approaching
wave energy is essential to predicting the potential damages that might occur, and manage
coastlines effectively. Volumetric sediment transport models should reliably predict the
volumetric change expected as a function of the change in mean wave energy experienced
as a result of the changing seasons. This will enable a better understanding of the shoreline
behaviour in response to changes in the beach sand volume and changing wave energies.
Accurate and realistic simulation of the shoreline and volumetric changes as a function of the
approaching wave energy will allow coastal engineers to make informed decisions, which
affect the design of coastal structures, such as revetments as the design is dependent on the

shoreline position.

Seasonal changes are associated with a change in the net wave energy that the beach expe-
riences, thus resulting in the formation and migration of sand bars, as shown in Figure 1.2.
The net sediment transport rate and direction are directly related to the net energy (Tiirker &
Kabdasli, 2007). During seasons with high energy wave conditions, off-shore bars form and

move away from the beach (Dean & Dalrymple, 2004). However, during seasons with low
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wave energy the off-shore bars migrate back towards the shore.

2 —
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Figure 1.2. The description of the formation and migration of sand bars as a result of a high
energy wave condition, measured at Duck-82 (Holman & Sallenger Jr, 1993)

Modelling shoreline responses to storm waves assist in predicting the vulnerability of the
coastal areas for expected future events. The available shoreline change data can be used to
measure changes in the coastal areas. Although the available data doesn’t span years, the use
of realistic and accurate models to simulate the shoreline changes enables the exploration
of shoreline responses to future events. Furthermore, it aids in selecting the most suitable
engineering solutions to mitigate future problems, such as shoreline recessions and beach
volume loss (Pereira et al., 2013, Jara et al., 2015). The various types of models used for
predicting coastal processes have both advantages and disadvantages. While process-based
models attempt to resolve the physics of sediment movement and their driving forces, the
disadvantages of such models include the need for extensive input data in addition to re-
quiring long simulation times. It is, therefore, imperative to develop a simple model that is
computationally efficient in terms of processing time, computer memory requirement, and
accuracy of the outcome. The development of such models will assist in predicting shoreline
change at both short and long term cases. A recent example of such a model is the dynamic
equilibrium model (DEM) developed by Jara et al. (2015). It is based on the perturbation

of the shoreline as a result of the incoming wave energy. Pringle (2015) used the DEM to
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simulate the shoreline changes for 16 years, as shown in Figure 1.3. The simulated shoreline
position shows both accretion due to low energy wave conditions and erosion due to high
energy wave conditions. The constraints of DEM are yet to be validated with diverse beach

characteristics, which requires initial shoreline change and wave climate data.

30

20

1993 1995 1997 1999 2001 2003 2005 2007 2009

Figure 1.3. 16-year shoreline change simulation using the DEM and wave buoy data (Pringle,
2015). The simulated shoreline position, as shown by solid black-line. Measured shoreline
position data is shown by dashed black line.

XBeach is a good example of a process-based model that predicts shoreline change due to
wave forces (Roelvink et al., 2009, 2010). The advection velocity used in the advection-
diffusion model accounts for the wave non-linearities. This velocity is a function of wave
skewness, asymmetry, orbital velocity, and their relative importance as specified by calibrating
factors. It is essential to understand the ability of such models to simulate accurate sediment

transport in the cross-shore and alongshore directions. Process-based models can be used
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to generate the hydrodynamic and morphological data to be used for the development of

simplified volumetric models.

1.2 Problem Statement

South African coastal areas experience seasonal and energetic wave climates that result in a
dynamic shoreline. Due to seasonal changes, the wave climate varies from high energy to low
energy. Seasons with relatively high wave energies contribute to the formation of a nearshore
bar and diminishing beach width. In contrast, seasons with lower wave energies result in the
creation of dunes and an increase in the beach width. The experienced wave energies drive
sediment transport at a range of time scales and result in a highly irregular shoreline. Cross-
shore sediment transportation occurs at a short time scale, whereas alongshore sediment
transportation occurs over longer time scales. During high energy wave conditions, the rate
of cross-shore sediment transportation is dominant over alongshore sediment transportation.
The imbalance in the magnitude of sediment transport in the cross-shore and alongshore
direction results in a noticeable impact on the shoreline (i.e., the erosion of dunes and beach
face leading to shoreline recession). Like South African coastal areas, coastal areas around
the world are susceptible to high energy wave conditions and experience the same problem

of shoreline recession (Dean & Dalrymple, 2004; Lemos et al., 2017).

Simulating shoreline changes and the resulting volume change of the beach face, due to the net
cross-shore sediment transport, can assist coastal engineers in the design of coastal structures.
The existing process-based models (i.e. XBeach, Delft3D.) are computationally demanding
and are therefore not efficient for long term simulations. Long term simulations ran using
a simple parameterization of beach sand volume changes as a result of beach morphology
and sediment characteristics can have low computational costs. An already existing long

term wave energy data-set can be used to run long term simulations at low computational cost.
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The development of the parametrized volumetric model is reliant on a large data-set of beach
volume change, and shoreline position. Some data is available as a form of beach surveys.
However, long term data is necessary to parametrize volumetric sediment transport. Process-
based model such as XBeach can be used to generate the data required for the development
of the parametrized volumetric sediment transport model. Hence, the feasibility of XBeach

to generate the necessary data for the development of the parameterized volumetric model.

1.3 Research Question

Can process-based models such as XBeach predict both beach erosion and accretion (beach

recovery) for high and low wave conditions?

1.4 Aim

This study aims to evaluate the ability of XBeach to accurately predict cross-shore sediment

transport under various wave conditions.

1.5 Objectives

The specific objectives of this study are:

¢ To use the Durban wave data in order to select wave conditions used to test for accretion

and erosion cases.

* To investigate the sensitivity of flow velocity and advection velocity as a function of

the tested parameters.

* To investigate the ability of XBeach to predict both accretion and erosion cases, using

the available sediment transport models, with fixed model parameters.

* To investigate the sensitivity of sediment transport modules to the varying wave

asymmetry calibrating factors.



1.6 Methodological Approaches 7

1.6

Methodological Approaches

The methodological approaches of this study are to:

1.7

review beach survey reports to understand the features of the sediment characteristics

in the KwaZulu-Natal coastal area.
select the cross-shore grid spacing as a function of cross-shore bed change.

set up a 1D XBeach model and test the two wave conditions selected in order to
investigate the model’s ability to simulate accretion and erosion for low and high

energy wave conditions respectively, with fixed model parameters.

identify parameters used to calibrate sediment transport in XBeach, and investigate the

sensitivity of sediment transport and advection velocity to these parameters.

Thesis Structure

Chapter 2 is a literature review of nearshore hydrodynamics resulting from ocean
waves, and the drivers of sediment transport. The review also includes a review of

sediment transport models.

Chapter 3 discusses the model set up processes, and methods used to test the cross-

shore capacity of XBeach.

Chapter 4 displays the results obtained from the test conducted on XBeach cross-
shore capacity. Furthermore, the sensitivity of the sediment transport models to wave

asymmetry and skewness calibrating factors are analyzed and presented.

Chapter 5 presents the conclusions drawn from the XBeach cross-shore sediment

transport capability study.



CHAPTER 2: LITERATURE REVIEW

This chapter reviews how wave formation and transformation effects near-shore sediment
transport and how these processes are parameterised in process-based models.

2.1 Wave Formation and Grouping

Waves are variations in the water surface at a certain location due to the wind and atmospheric
pressure changes (Jeffreys, 1925; Bosboom & Stive, 2012). Airy (1845) describes the water

level displacement due to the oscillation of the waves that propagate along the ocean using

n(x,t) = gcos(kx— ot) (2.1)

where H is wave height, k is wavenumber (k = ZT”), x is the direction of wave propagation, &

is the angular frequency (o = ZT”), L is the wavelength, T is wave period, and ¢ is time.

Equation 2.1 is otherwise known as linear (Airy) wave theory (Airy, 1845). Linear (Airy)
wave theory is only applicable if the wavelength is significantly higher than the wave height
(L > H), this condition is met in deepwater waves. Hence, Linear (Airy) wave theory can
simulate deepwater waves well (Airy, 1845). However, it becomes unstable in shallow water

due to wave non-linearities .

Once the waves have formed, they travel long distances from the point of generation to reach
the coastal areas. As these waves travel towards a coastline; they accelerate, increase in
wavelength, and in deepwater the wave shape becomes regular (Bosboom & Stive, 2012).
These waves are called swells (Bosboom & Stive, 2012). Waves that are short, random,

irregular and generated by the wind are called the sea. Phenomena such as white-capping
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and the formation of currents are a part of dissipation processes that assist in filtering out

short waves (Bosboom & Stive, 2012).

Propagating wave groups result in sediment transport in the direction of propagation. An ex-
perimental study of the relationship between sediment characteristics and sediment transport
under wave groups showed that there is a higher transport rate in the direction of the wave
group propagation (Sato, 1993). Yu et al. (2010) showed that increasing and decreasing the
wave group period influences the location of wave breaking in addition to the change in the

shoreline position.

2.2 Wave Transformation

As waves approach the shore, they interact with the seabed and begin to shoal when H < h/2,
where H is the wave height, and h is water depth. This process consists of a change in wave
height, wavelength and wave group speed. During the shoaling process, the wave height
increases, while the wavelength and wave group speed decrease (Deigaard et al., 1992).
During the shoaling process, the asymmetry and skewness of the waves are affected due
to the changes in the wavelength and velocity (Bosboom & Stive, 2012). Waves with a
wave height to wavelength ratio of less than 0.14 are linear waves whilst waves with a wave
height to wavelength ratio of greater than 0.14 are non-linear waves (Schwartz & Fenton,
1982). The changes to the wavelength and wave velocity are the driving factors resulting in
wave non-linearities. Furthermore, the change in water depth as waves approach the shore
amplifies this process, as waves are limited to the depth of water they travel in (Bosboom &
Stive, 2012). The changes in the wave asymmetry and skewness are reflected in the orbital
velocity (Rocha et al., 2013). Wave asymmetry and skewness are the contributing factors to
offshore transport during storm events, which results in a significant shoreline recession over
a short period (Deigaard et al., 1992; Bosboom & Stive, 2012). Therefore, understanding

their contribution to cross-shore sediment transport in process-based models is essential to
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producing realistic sediment transport rates in simulations. Wave asymmetry and skewness

change due to shoaling, as can be described by Figure 2.1a and 2.1b.

&
n

(a)

— —

s
(b)

Figure 2.1. a) Peaked crest and flattened trough making up a skewed wave, b) A steep wave
face that is peaked forward (Battjes, 2001).

2.2.1 Wave Breaking

As waves approach the near-shore zone, they shoal and their wave steepness increases. There
is a physical limit to this steepness. The wave height will increase to infinity without this limit
(Miche, 1944). Wave steepness is a ratio of wave height and wavelength. The wave steepness
criteria are different for deepwater and shallow water. The wave steepness in deepwater is a
function of deepwater wave height and wavelength (Bosboom & Stive, 2012). The maximum
wave steepness (critical wave steepness) before wave breaking in deepwater is 0.142 (=
1/7). However, in shallow water, the critical wave steepness is a function of water depth and

shallow water wavelength (Bosboom & Stive, 2012). The shoaling wave starts to break as it
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can no longer resist shear, and the wave steepness exceeds the critical steepness. Figure 2.2
shows the critical crest angle (Bosboom & Stive, 2012). The approximated maximum wave

steepness in deep and shallow water is given as

H, 1

{—0} —0.142 ~ = 2.2)
Lo | jpax 7
H 27h

{—} —0.142°1 2.3)
L, L

where Hyj is deepwater wave height, L is deepwater wavelength, H is shallow water wave

height, L is shallow water wavelength, and 4 is local water depth.

120

4 B
- L

Figure 2.2. The maximum wave crest angle (Bosboom & Stive, 2012). H is wave height,
and L is the wavelength

According to Battjes (1975),Bosboom & Stive (2012), and Clavero et al. (2018) the type of
breaking depends on the change in the deepwater wave characteristics and bed slope. The
Iribarren number is a dimensionless parameter used to model several effects of breaking
(Battjes, 1975). The Iribarren number is calculated using the combination of the deepwater

wave characteristics and bed slope as given by

. tano
- [H
Lo

where € is Iribarren number, o is beach slope, Hy is Deep water wave height, and Ly is

¢ (2.4)

deepwater wave length. Figure 2.3 shows examples of different Iribarren numbers and effect
on wave breaking. Table 2.1 shows the type of breaker relative to the wave steepness and
beach slope angle. This shows that the wave steepness is inversely proportional to the beach

slope angle.
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Table 2.1 Beach slope angle and wave steepness of the different breaker types as described
by the Iribarren parameter.

Breakers | Wave Steepness | Slope angle
Surging lowest Highest
Collapsing
Plunging . .
Spilling Highest Lowest

SN,

______________ _—1 e

p—
£>5 0.5<£<33
surging plunging

33<f<5 £<05
collapsing spilling

Figure 2.3. The different types of breaking based on the Iribarren parameter (Bosboom &
Stive, 2012).

2.2.2 Non-linear Effects in Shoaling Waves

The movement of a water particle in deep water due to a propagating wave is circular
(Bosboom & Stive, 2012). This circular motion becomes more elliptic as the propagating
wave approaches the coast and the water depth decreases (Ruessink et al., 2012). The water
particles move towards the shore below the crest and away from the shore beneath the trough.
In deep water, a water depth to wavelength ratio that results in a circular motion of the water

particle is, given as

h/L>0.5 (2.5)

where £ is the water depth and L is the wavelength. However in shallow water (h/L < 0.5),
the paths become elliptical (Masselink et al., 2014; Sorensen, 2005). In the swash zone, the
orbital motion of the water particles start to become more ellipsoid. Figure 2.4 shows the

evolution of the shape of the path that the particles follow due to the orbital velocity in deep
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and shallow water. The parallel back and forth motion of the water particle found in the

shallow waters is known as being oscillatory (Van Rijn et al., 1990).

As shown in Figure 2.4, the change in the circular motion of the water particle is not the
only property of the wave that is affected by a change in water depth. In shallow water, the
wave crest travels faster than the rest of the wave resulting in the wave becoming vertically
and horizontally asymmetric (Bosboom & Stive, 2012). While the changing wave properties
in shallow water, such as the change in the vertical and horizontal asymmetry, cannot be
described by the second-order Stokes theory. According to Van Rijn ef al. (1990), the
second-order Stokes theory is, however, most applicable in shallow waters, when H /h and

H /L are small.

Q
Ll2 g rdrd ra 7 LA rad
Shallow
]
Q
s
8

Figure 2.4. The change in the particle orbits as the water level changes (Sorensen, 2005).

In the process-based model formulated by Roelvink et al. (2009, 2010), the shallow water
equations account for the non-linearity of waves in shallow water. The sediment transport

formulas use the velocity calculated by the shallow water equations (Pender & Karunarathna,

2013).

2.2.3 Wave Profile Asymmetry and Skewness

The near-bed orbital velocities (U,,) generated by the propagating waves reflect the changes

in wave asymmetry and skewness (Boechat Albernaz et al., 2019). The near-bed orbital
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velocities are responsible for both onshore and offshore flow (Boechat Albernaz et al., 2019).
The direction of near-bed orbital velocity below the crest of a wave is in the onshore direction
while the orbital velocity below the trough is in the offshore direction. The deep water orbital

velocity is commonly described using the fifth-order Stokes theory (Fenton, 1985), shown as

TTH s

T, sinh(2Kh)) 26)

Uorb -

where H,,; is the root mean square wave height, T, is Wave period, k is wavenumber,
and h is water depth. Waves become skewed during the shoaling processes, where the
peaks increase and the troughs get flattened. Stokes’ 2nd order theory best describes these
processes (Bosboom & Stive, 2012), and Figure 2.1a shows a skewed wave. Asymmetric
waves, otherwise known as second-harmonic waves, rapidly accelerate the water particles
as the crest passes, and are mainly steep, Figure 2.1b. This rapid acceleration results in
the mobilisation of the suspended sediment in the direction of motion (Boechat Albernaz
et al.,2019). The wave is skewed when the wave becomes horizontally asymmetric. This
is due to the trough of the wave becoming flattened and the crest peak, as shown in Figure
2.1a (Bosboom & Stive, 2012). Drake & Calantoni (2001) showed evidence of onshore
sediment transport due to asymmetric waves in a field study carried out in Duck, North
Carolina. As waves become skewed, this results in the direction of the net velocity in the
offshore direction. The higher the wave asymmetry gets, the onshore to offshore flow is more
gradual in comparison to the offshore to onshore flow (Fernandez-Mora et al., 2015; Van Rijn,
2007). Therefore, more asymmetric waves contribute to the accretion of the near-shore zone.
An example of this is as waves break, they become highly asymmetric and cause strong
onshore acceleration which will encourage the onshore movement of sediment transport
(Fernandez-Mora et al., 2015). Figure 2.5 shows the horizontal asymmetry as the ratio of the
horizontal distance, of the peak of the crest and this is described by Ax; /Ax; for horizontal

asymmetry and a./H for vertical asymmetry. However, the commonly used definitions are

_Hm?) o )

A= T e

2.7)
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where As is wave asymmetry, Sk is wave skewness, the brackets (-) are time averages, H is

the Hilbert transform, and 7 is water level.

Figure 2.5. A simple distribution of the principles used to describe wave shape and compute
asymmetry and skewness (Sorensen, 2005).

The sediment transport rate is a function of advection velocity and current flow velocity
(Roelvink et al., 2009, 2010). Advection velocity is a function of wave asymmetry, wave
skewness and root mean squared velocity (U,,,s) (Grasso et al., 2011; Vousdoukas et al.,

2012), it is calculated as

U, = (—w1As +woSk)Upyps (2.8)

where U, 1s the advection velocity, and wy and w; are the wave asymmetry and skewness cali-
brating factors applied to the wave skewness (Sk) and asymmetry (As) respectively (Roelvink
et al., 2009, 2010; Pender & Karunarathna, 2013). This is used in process-based models such
as XBeach.

Van Thiel de Vries (2009) ran 72 simulations for varying values of wave asymmetry and
skewness calibrating factors, and compared it to dune erosion wave flume data to select the
optimal values for these calibrating factors. Van Thiel de Vries (2009) concluded that the
optimal values for wave asymmetry calibrating factor and wave skewness calibrating factor
that results in the smallest error is 0.1. The shortcoming of this optimization is that it was not

done for an accretive case as well.
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2.2.4 Radiation Stress

Radiation stress is a momentum flux of a fluid element, due to the wave-driven forces acting
on the fluid element (Longuet-Higgins & Stewart, 1964). The cross-shore changes in radia-
tion stress drive the generation of cross-shore currents, which are the main components of

the cross-shore sediment transport (Dally & Dean, 1984).

The waves approaching the coast at an angle will result in three radiation stresses. The normal
stress acting in the cross-shore and alongshore direction (x and y direction respectively), and
the transport of x momentum in the y-direction (Bosboom & Stive, 2012). The first-order

wave theory (Bosboom & Stive, 2012), describes radiation stresses as

1
S = (n— §+n00529) E (2.9)
1 .2
Syy = n—§+n sin“f | E (2.10)
Syx = Syy =ncos 6 sin 6 E (2.11)

where E is the wave energy, n is the ratio of group velocity to phase velocity, C is the wave
celerity, and 0 is the wave approach angle. In the ideal situation for the study of cross-shore
sediment transport where the waves approach the coastline perpendicular to the shoreline,
there will only be normal stress acting in the x-direction and transport of X momentum in the
y-direction. The cross-shore gradient of the change in the radiation stress is the main driving
force of the cross-shore currents. The cross-shore currents result in the sediment transport in

the cross-shore direction (Dally & Dean, 1984).

2.2.5 Bed Shear Stress

According to Montes (1998), the frictional force acting on the surface of the object that is in

the path of the flowing fluid is called bed shear stress. However, if the object is in suspension
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it will travel in the direction of the wave propagation. As waves propagate towards the shore,
the changes in the horizontal and vertical asymmetry of propagating waves have a direct
influence on the changes in the orbital velocities of the water particles and the magnitude of
the bed shear stress experienced in the direction of the propagating wave. The direction of
the bed shear stress is, therefore, continually changing directions with the direction of orbital
velocity as a wave propagates (Wright et al., 1999). Therefore, the direction of bed shear

stress is in the direction of the net orbital velocities.

The orbital velocity of the particles is the speed of the particle that is in orbital motion due to
the propagating waves (from crest to trough and back to the crest of the propagating wave),
described in Equation 2.6. As the propagating wave gets into shallow waters, the wave height
increases (shoaling) as the water depth decreases thus increasing the orbital velocity (Wright

et al., 1999; Bosboom & Stive, 2012). The shear stress is given by

7. = pes|U|U (2.12)

where ¢ is a dimensionless coefficient, p density of the fluid, U is depth-averaged flow
velocity in both the horizontal directions as well as in the cross-shore and alongshore direction.
The bed shear stress is related to the depth-averaged current velocity and free stream velocity
through the friction factor. The friction factor is a function of wave and current velocities.
Bed shear is calculated in-terms of currents only in Equation 2.12 (Wright et al., 1999;

Ruessink et al., 2001; Bosboom & Stive, 2012). Bed shear stress can be calculated with

o, = U/ (116U )? + (Ui )2 2.13)

where U, 1s the orbital velocity, Ug is the current flow velocity, ¢y is /g / C2, C is Chezy
value of 55 m!/2 /s, and g is the gravity of Earth which is 9.81m/s?. This is used in process-

based models such as XBeach (Roelvink et al., 2009, 2010).
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2.2.6 Shallow Water Equation

The shallow water equation is a function of; the free surface and bottom boundary conditions,
momentum equation, and continuity equation (Vreugdenhil, 2013). In XBeach, the shallow
water equations calculate the Lagrangian velocity in both the cross-shore and alongshore
direction (Andrews & Mclntyre, 1978; Walstra et al., 2001). However, in this study, only
the cross-shore component is considered . The cross-shore component of the shallow water
equation is

oU oU 02U T T 9n  F
G (G = e et =9

where vy, is horizontal viscosity, ’c[f‘; is the bed shear stress in the cross-shore direction, Ty, 1S
wind shear stress in the cross-shore direction, Fy is wave-induced stress, and 1) is the water

level (Roelvink et al., 2009, 2010).

The cross-shore component of the Lagrangian velocity is used to calculate current flow
velocity (Ug) in the cross-shore direction. The advection and diffusion model uses the current
flow velocity, in addition to the advection velocity, to calculate the depth-averaged sediment

concentration in the water column. The current flow velocity is given by

Ug =UL—Us (2.15)

E,.cos0
hc

Us = (2.16)

where Uy is Stokes’ drift in the cross-shore direction, E,, is wave-group varying short wave
energy, 0 represents the angle of wave approach, is density of the medium, / is the water

depth, and c is wave speed.
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2.3 Sediment Transport

Sediment transport is a function of both sediment properties, and the near-shore hydrody-
namics and is the main driving factor of coastal profile change. In coastal areas, sediment
transport takes place in both the alongshore and cross-shore direction depending on the
approaching wave angle that the coastal area will experience. The rate of sediment transport
shoreward of the breaker zone is mainly a function of local velocity (Kemp, 1975). The
factors contributing to sediment transport are; the sediment properties, current-induced shear
stress, and the slope of the beach (Hughes et al., 1997). This study is based on the sediment

characteristics found along the eastern coast of South Africa.

2.3.1 Sediment Properties

The sediment properties directly affect the sediment re-suspension, which in turn affects
the sediment fall velocity. The sediment fall velocity is a function of the fluid’s viscosity
and density (Corey, 1949). Figure 2.6 shows the relationship between sediment properties,
fluid characteristics and sediment transport. Dean & Dalrymple (2004), highlight the direct
relationship between grain size, initiation of motion, and fall velocity. These properties have
an effect on the sediment concentration in the water column and sediment deposition. The

condition expressed by

Instantaneous Fluid Force > Instantaneous Resting Force 2.17)

describes the conditions at which sediment particle initiation of motion will take place. The
instantaneous resting force of the particle is a function of the particle weight and friction

coefficient (Van Rijn, 2007).
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[Sediment Characteristics] [Sediment Characteristics]
Y
Grain Size Grain Size Viscosity
Y Y
[Initiation of Motion] [ Fall Velocity }4
Y

[ Sediment Deposition ]

Figure 2.6. A description of how sediment and fluid characteristics contribute to sediment
initiation of motion and deposition.

2.3.2 Cross-shore Transport and Coastal Sediment Sources

Cross-shore sediment transport is the function of sediment characteristics and wave actions.
The coastal area is continually changing due to the net loss and gain of beach sand volumes
both in the cross-shore and alongshore direction. Wave actions can either be destructive
or constructive. The destructive forces contribute to the erosion of sand, and constructive
forces contribute to accretion. An imbalance in the cross-shore radiation stress contributes to
the generation of undertow, whereby a 2DV circulation current is generated in the breaker
zone. In the breaker zone, the surface current is traveling towards the shore with an offshore
flow occurring below the trough level (Bosboom & Stive, 2012; Lemos et al., 2017). The
main driving action of the cross-shore sediment transport is undertow. The undertow erodes
the beach and deposits the sediments offshore. Undertow is, therefore, the main contributor
to the formation of offshore sand bars. The steepness of the beach, in combination with
gravity, plays a vital role in sediment transport in the cross-shore direction. A beach with
a gradual slope will be able to distribute the wave energy over a greater cross-shore area
than steeper beaches. Destructive forces are a result of high energy waves i.e storm events.
Erosion takes place when the wave energy experienced by the coastal area is higher than that
of its equilibrium energy. This usually happens during storm events in east coast of KZN

with a significant wave height greater than 3.5 m (Corbella & Stretch, 2012b,c)
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H; >3.5m (2.18)

Accretive conditions are the result of low energy waves acting on the beach over a longer
period relative to erosive conditions. Dean et al. (1973) proposed that erosion and accretion

events could be assumed using the non-dimensionalized fall velocity, which is given by

H;

Q=
wT),

(2.19)

where Q is non-dimensionalized fall velocity, H; is significant wave height, w is sediment
fall velocity, and 7}, is wave period (s). Conditions where € > 3,2 will result in an erosive
case and Q < 3,2 will result in an accretive case (Dean et al., 1973). Developing a sediment
budget is essential to develop a good understanding of sediment movement in the coastal
area. Sediment budget is otherwise known as the difference in the net change in volume of
sand due to; erosion and accretion, sediment gains (sources), and losses (sinks) for a specific

amount of time, which is described by

Z Osource — Z Osink + AV = Residual (2.20)

where AV is change in volume within the cell due to erosion and/or accretion (m?), Y Osource
is sediment gains (m?), ¥ Osinx is sediment loss (m>). Developing a sediment budget for a
coastal area assists in identifying the sediment sources, sediment transport direction as well
as magnitude in both the cross-shore and alongshore direction, and sinks (Rosati, 2005).
Sediment budget can also take into account dredging and pumping schemes, by refining

Equation 2.20 as

Y Osource = Y_ Osink — AV + P — R = Residual (2.21)

where P is the volume of material placed (m3), and R is the amount of material removed from
the beach (m?). The perturbation of residual from 0 m? is a representation of the fluctuation of

beach volume from the ideal equilibrium beach volume based on the sediment characteristics
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of the beach. The time a beach takes to attain its pre-storm coastline shape and volume is
called the recovery period (Corbella & Stretch, 2012c). This period is different for all the
coastal areas throughout the world that are experiencing different wave conditions that are
taking place at varying frequencies. The east of Kwazulu-Natal has a mean recovery rate of
97.3 m3m~'yr~! resulting in a recovery time of approximately 2 years (Corbella & Stretch,

2012c).

2.3.3 Equilibrium Beach Profile, Bar Formations and Transport

Net-Zero energy experienced by the near-shore environment means that a net-zero sediment
transport. Hence, there will be no changes in the bed profile (Dean, 1991; Dean & Dalrymple,
2004). If the net energy experienced by a beach is zero, the beach profile will reach its
equilibrium position (Dean, 1991; Dean & Dalrymple, 2004). Dean (1991) and Dean &
Dalrymple (2004) highlighted that the equilibrium profile is a function of the sediment size

and cross-shore distance, as given by

h=Ax3) (2.22)

where A is the sediment scale parameter, x is the cross-shore distance, and h is depth at a
point in the cross-shore direction. The sediment scale parameter is a function of the sediment
fall velocity, which in turn affects the slope of the profile calculated by Equation 2.22 (Dean,
1991; Dean & Dalrymple, 2004).

In the study conducted by Corbella & Stretch (2012c¢), using 37 years of beach profile data
along the coastline of KZN indicates a periodic onshore and offshore volumetric sediment
movement due to the periodic storm events and beach recovery period which was found
to be an average of two years. Therefore, the ability of a model to reproduce accurate
on-shore and off-shore sediment transport is crucial in providing an accurate description
of the volumetric sediment flux in coastal areas. The formation of sandbars is the primary

indication of cross-shore transport. The alongshore bars form due to the change in the
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direction of net sediment transport found outside the surf zone (Deigaard et al., 1992). Figure
2.7 describes the formation of a bar. These bars travel onshore and offshore in response to
the wave condition experienced by the beach. The offshore migration of a sandbar is due to

the strong undertow generated by breaking waves over the bar (Thornton ef al., 1996).

Point of wave breaking

!
Mw T
Quox =

3
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Figure 2.7. Differences in the direction of sediment transport within and outside the swash
zone resulting in the formation of a sand bar (Deigaard ef al., 1992).

Within the beach face, the inner surf and swash zone processes distribute the sand that has
been eroded from the dune or brought onshore by the approaching waves (Van Thiel de
Vries et al., 2007). The shallow water depth and the presence of turbulence complicate
the hydrodynamics of the swash zone (Van Thiel de Vries et al., 2007). Therefore, while
the beach profile can be closely related to the volume of sand on the beach. According to
Jara et al. (2015) beach volume can also be closely related to the energy disequilibrium
experienced. Kamphuis (2010) showed that the beach profiles are directly proportional to the

wave energy of a series of waves approaching the beach face.

2.4 Process-Based Models

Process-based models such as Delft3D and XBeach are designed to simulate and analyse
coastal processes, and extreme wave conditions (Roelvink, 2003; Roelvink et al., 2009,
2010). Delft3D simulates spectral waves, hydrodynamics as well as the resulting sediment

transport. Previous research indicates that the sediment transport models in Delft3D are



2.5 XBeach Model 24

capable of accurately simulating specific cross-shore erosion and accretion events through
calibration. Wells (2015) researched the capacity of the sediment transport models available
in Delft3D to simulate realistic sediment transport during erosion and accretion events. The
parameters, shown in Table 2.2, are varied to simulate realistic sediment transport during

erosion and accretion events.

Table 2.2 Parameters used to calibrate the sediment transport models in Delft3D.

Sediment Transport Model Calibrating Parameter

Van Rijn Model fsus user-defined tuning parameter

Bijker-Bailard Model Afac user-defined calibration coefficient for the
wave asymmetry

Soulsby-van Rijn Model None

Wells (2015) showed that Delft3D sediment transport models could not simulate realistic
cross-shore erosive and accretive events without varying the calibrating parameters separately
for erosive and accretive events. Pender & Karunarathna (2013) modelled beach profile
variability using a statistical approach and XBeach. XBeach can accurately simulate beach
erosion events without calibration of the asymmetry and the skewness calibrating factors.
However, a higher wave asymmetry calibrating factor, which in turn results in higher onshore
sediment transport, results in accretion events (Pender & Karunarathna, 2013). Therefore,
the relationship between the wave asymmetry calibrating factor and the resulting sediment
transport must be quantified. Furthermore, the validation of the relationship quantified using
real-world data will enable the selection of appropriate values for the calibrating factors that
results in a realistic sediment transport for the given wave conditions. This study explores;
the relationship between the sediment transport rates and varying wave asymmetry and wave

skewness calibrating factors as well as the approaching wave energy.

2.5 XBeach Model

XBeach is a near-shore numerical model that is used to simulate the response of the coastal

area to time-varying storm and hurricane conditions (Roelvink et al., 2009, 2010). The wave



2.5 XBeach Model 25

models in XBeach include wave transformation. XBeach uses a roller and wave dissipation
model to cater for the variation in wave energy per wave group. Furthermore, depth-averaged
shallow water equations, and advection and diffusion equations are used to account for
time-varying wave forcing terms and solve for the depth-averaged sediment concentration,
respectively. The morphological changes are as the result of hydrodynamic processes coupled
with the sediment transport models available, as discussed in section 2.5.2. A description of
the different components that XBeach consists of is displayed below in Figure 2.8. XBeach
is mainly developed and validated to simulate dune erosion due to energetic wave conditions
(Bolle et al., 2011). The hydrodynamics processes consist of three-wave models, and the

sediment transport module consists of three formulae as discussed in Section 2.5.2.

Wave Boundary Conditions Flow Boundary Conditions

Hydrodynamic Module

\ 4 \ 4
Wave Boundary Conditions » Flow Boundary Conditions
A

Morphology Module <«€«— | Sediment Transport Module

Morphodynamics Module

Figure 2.8. The component modules that are available in XBeach. The arrows indicate
connectivity.
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2.5.1 Morphodynamic Processes

The majority of coastal areas around the world consist of a variety of materials ranging
from fine sand to large pebbles (i.e., shingles). The dynamic conditions experienced by the
coastal areas result in the constant evolution of their profiles and shoreline positions both
in the cross-shore and alongshore directions. The constant changes of the beach profiles
are due to sediment transport in the near-shore environment, in response to perturbation
of the wave energy experienced by the coastal area from the equilibrium wave energy, of
the respective beach. The current and wave-induced velocities are the main contributors to
sediment transport within coastal environments. The morphological changes are modelled as
shown in Figure 2.9. In this study, the three sediment transport models used are the Van Rijn
(Van Rijn et al., 1993), the Van Thiel-Van Rijn (Van Rijn, 2007) and the Soulsby-van Rijn
model (Soulsby, 1997a). These sediment transport models are coupled with the wave model
to compute the morphological changes occurring due to sediment transport. Changes in the
morphology of the coastal areas have a direct impact on the near-shore hydrodynamics such
as changes in the current flow velocity and orbital velocity, U,,,s, which in turn affects the

sediment transport in response to the newly calculated hydrodynamics.

Wave Model Morphology [<
Y
Flow
Y
Sediment Transport Models
Y

New Bathymetry

Figure 2.9. XBeach morphodynamic processes.

The sediment transport models are used to compute the equilibrium sediment concentration,

that is used as a source term in the advection-diffusion model, as discussed in section
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2.5.2, to calculate the depth-averaged sediment concentration. The depth-averaged sediment
concentration is thereafter used to compute the sediment transport rate as a function of
cross-shore position and time, which is given as

dc dz

o 1.6C5Vmagua—x (2.23)

qr — CsUreps —Dyh
where C; is the depth-averaged sediment concentration, Uy is E + Uy, Dy, 1s the sediment
diffusion coefficient, and V,,g, is the Lagrangian transport velocity. The bed level change
as a function of time is directly related to the sediment transport gradients in the cross-
shore direction. A morphological change scaling factor is available in the bed level change
computation. However, cross-shore sediment transport is more instantaneous in comparison

to alongshore transport. Avalanching is taken into account for both wet and dry sand. Once

the critical slope has been reached, avalanching will take place.

2.5.2 Process-Based Sediment Transport Models

Computing the movement of sediment as a function of the wave conditions, and sediment
characteristics are essential for the prediction of the coastal morphology, and development
of a deeper understanding of sediment dynamics in a coastal system. There are a variety
of semi-empirical sediment transport models that have been validated using multiple flume
tests. In this review, the sediment transport formulas discussed are limited to those used by
XBeach. XBeach uses a depth-averaged advection-diffusion equation proposed by Galappatti
& Vreugdenhil (1985) to compute the flux of suspended sediment in slow varying flows,

given by

dhC, N 0hCy(Ug — Uycos6,,) 0

+ = {th — (2.24)
ox

ot ox ox T,

8C5:| thq - th

where C; is the depth averaged sediment concentration, Ug is the current flow velocity, U, is
the advection velocity, Dy, is sediment diffusion coefficient, C,, is the equilibrium sediment
concentration, 6, is wave approach direction, and 7y is adaptation time. The sediment

concentration i1s computed using equation 2.24 (Galappatti & Vreugdenhil, 1985). The
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wave conditions such as approach direction (6,,), wave asymmetry, and wave skewness have
an effect on the rate and direction of transport. The sediment transport rate is estimated
as a function of the current flow velocity, and advection velocity, as shown in Equation
2.23. XBeach has three process-based transport models used in the computation of sediment
transport formulas that are used to compute Ce,. The models are; the Van Rijn (Van Rijn et al.,
1993), the Van Thiel-Van Rijn (Van Rijn, 2007) and the Soulsby-van Rijn model (Soulsby,
1997a). Although in XBeach, there are no user-defined calibration parameters within the
formulas, there are however calibration parameters capable of optimising the sediment

transport; such as the wave asymmetry (w) and wave skewness calibrating coefficient (w»).

Van Rijn (1993) Model

Initially the Van Rijn model (Van Rijn, 1984) was used without the effect of waves. However,
the latest adaptations (Van Rijn ef al., 1993) take into consideration the effect of waves. This
sediment transport formulation calculates the bed transport as a function of the; sediment
mobility number, sediment characteristics, and excess sediment mobility number i.e., it is

estimated using the critical velocity . The bed transport formulation is

Sb = 0.006pswsDsoM*>MO7 (2.25)

where M is sediment mobility number due to waves and currents ((SIV%), D5 is the
sediment diameter, M, is excess sediment mobility number (v, — v¢,), wy is sediment fall
velocity, and Ds is the sediment diameter. The sediment transport above the reference height
is considered to be suspended sediment transport (Van Rijn ez al., 1993). The advection-
diffusion equation is used to solve for the depth-averaged sediment concentration calculated,
which is thereafter used to calculate the sediment transport rate. The sediment concentration
is calculated as
DsoTy

Cqg = OOISPSW (226)

*
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where ps the density of the sand, D5 is the sediment diameter, D, is the dimensionless

sediment diameter, 7} is the bed shear stress parameter, and o is the reference level.

Soulsby-Van Rijn and Van Thiel-Van Rijn Model

The Soulsby-Van Rijn formula is derived from the application of Grass (1981) to the Van-
Rijn, current alone, formula. Additionally, the formula is modified to consider both threshold
and a slope term (Soulsby, 1997a,b). The critical velocities are calculated in a depth averaged
sense. Furthermore, the drag coefficient is used as it takes into account the drag/resistance of

a sand particle in a fluid environment.

The equilibrium sediment concentration (C,,) is computed separately for bed (C,, ;) and

suspended (Cq,s) loads as

2.4
A U2
Cogb = 7“’ \/ V2, + 0.018-22 — Uer (2.27)
2.4
A U2
Cogs = = \/ Vg 00182 — Uy (2.28)

where D5 is the sediment diameter, U, is the threshold current velocity , D is the dimension-
less sediment diameter, V,,,, is the velocity magnitude (y/U, LZ +U Sz), C, 1s the drag coefficient
due to current alone, and Ay, and A, are the bedload and suspended load coefficients given
as

—0.6

D D;
A =0.005h(; Ag;‘;so)l‘z, Ags = 0.012050W (2.29)

In the Soulsby-van Rijn model, the equilibrium sediment concentration is a function of the
bedload and suspended load coefficients (A, and Ay, equation 2.29), the orbital velocity with
turbulence approximation to account for the wave breaking induced turbulence, in response

to; short waves (U,s), critical velocity (Ue,), and depth-averaged current velocity (V).
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The Van Thiel-Van Rijn, sediment transport formulation, is similar to the Soulsby-Van Rijn
sediment transport formulation with two major differences. Firstly, the drag coefficient is
not calculated and incorporated into the equilibrium sediment concentration computation,
and secondly the critical velocity is calculated separately for currents and waves, and when

summed with a calibrating factor, is applied to compute critical velocity given by

Uer = ﬁUcrc + (1 - B)Ucrw (2.30)
where f3 is
Vi
B = _mdg (2.31)
Vmag + Uurms

This is used to estimate the equilibrium sediment concentration presented as

Asb 5 5 1.5

Cog =2 ( 12,0 +0.64U2, — UC,> (2.32)
A 2.4

Cogs =22 <\/vn%g 10.64U2, — Ucr> (2.33)

where Djs is the sediment diameter, U, is the threshold current velocity , D, is the dimension-
less sediment diameter, V,,, is the velocity magnitude (y/U, g +U Sz), C, is the drag coefficient
due to current alone, and Ay, and Ay are the bedload and suspended load coefficients given

as

(Dso/h)" D06

Agp =0.0015h———F5—-, Ay =0.012D5p——
sb (AgD50)0'75 ) 58 50 (Ang())l'z

(2.34)

Pender & Karunarathna (2013) uses the Van Thiel-Van Rijn formulae to simulate beach
recovery while the Soulsby-van Rijn formulae were used to simulate erosion due to storm

events with an average Brier Skill Score (BSS) of 0.755 for both cases and formulations.



CHAPTER 3: MATERIALS AND METHODS

This chapter presents the procedures followed in the model setup, which consists of the selec-
tion of the beach slope, model grid, sediment characteristics, time frame, wave conditions,
and flow boundary conditions. Furthermore, the simulation structure followed is described
in this chapter.

3.1 XBeach Cross-Shore Model Setup

XBeach is used in the development of early warning systems, research of beach recovery,
as well as the study and modelling of shoreline evolution (Vousdoukas et al., 2012; Pender
& Karunarathna, 2013). To produce realistic results from models such as XBeach, the
ever-changing bed profile, and the related near-shore hydrodynamics must be accurately
resolved. Therefore, the ability of XBeach to produce realistic bed profile and shoreline

position changes is essential.

3.1.1 Cross-Shore Profiles and Model Grid

The cross-shore profile used in this study has a slope of 0.02, as shown in Figure 3.1. The

beach cross-shore profile properties are:
e Dsy of 0.355 mm,
¢ Profile width of 690 m, and
* Depth at the offshore boundary of 10 m.

Figure 3.2 shows the variations of horizontal spacing in the cross-shore direction as a function
of the water depth. This was performed to ensure that the physical processes can be better

resolved. The number of grid cells in the vertical is the same throughout the cross-shore
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domain. However, the spacing of the vertical layer is a function of the water depth. Therefore,
to ensure the stability of the model in the swash zone and thereby keep the time step from
becoming too low, where the waters are shallow, the horizontal spacing is decreased with the

decreasing water depth. The time step is calculated using

 CFLAx
N u

At

(3.1)

where CFL is Courant-Friederichs-Lewy number (Roelvink et al., 2010; Vousdoukas et al.,
2012), u is the magnitude of the velocity in the horizontal direction, Az is time step, and Ax

is the horizontal grid spacing.

25

Elevation (m)

75 —— Bed Profile
- - Mean Water Level

100 200 300 400 500 600
Cross-Shore Distance (m)

Figure 3.1. The beach profile used in this study. This profile has a slope of 0.02 and D5 of

0.355 mm. The dotted line indicates the mean water level, and the solid line indicates the
bed profile.

MSL ®°

dx = 1m

dx = 2m
Depth = -2Zm

Depth = -4m

Depth = -10m

Figure 3.2. The horizontal grid spacing change in the cross shore domain, where dx is
horizontal grid spacing.
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3.1.2 Flow Boundary Conditions

The waves approach the shore perpendicular to the beach face. This is achieved by setting
the mean wave direction, and the orientation of the beach, as described in Table 3.1. Figure
3.3 explains the boundary setup parameters. The offshore and onshore boundary of the
model are setup as the absorbing-generating (weakly-reflective) boundary in 1D. Active
reflection compensation (hereafter ARC) at the seaward boundary, is enabled to prevent the
re-reflection of outgoing waves within the model. The mean wave propagation direction
used is a representative of the unidirectional propagation of short wave fronts. Hence, no

directional spreading took place.

Table 3.1 Key parameters used to describe the beach orientation.

Parameter Unit | Value
Orientation of the beach [mainang] | [deg] | O
Wave direction [alfa] [deg] | 270

x = xori + x'cos{alfa) — v'sinl affa)

¥ = yori + x'sin(alfa) + y"cos{alfa)

(xori,yori) ®

Figure 3.3. The Rectangular co-ordinate system of XBeach
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3.1.3 Sediment Characteristics

The sand-size selected is the representative of the KZN coastline. Sediment characteristics
data collected by EMS (2007-2011) for the coastal area that lies between the Mgeni River
and Umhlanga. The coastal area stretching from the Mgeni River to Umhlanga is made up of
sand-size (Ds5() ranging from 0.125 mm to 4.0 mm, as shown in Figure 3.4. Figure 3.5 shows
the first, second, and third quantile (Q1, Q>, and Q3, respectively), and 95th percentile of the
percentage of sediment retained in each sieve class size for eight samples taken and analyzed

over three years ranging from 2009 to 2011, presented in Appendix B.
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Figure 3.4. The percentage of sediment retained in each sieve class size for samples from
Mgeni River to Umhlanga (2009-2011). The coastal area where the samples were obtained
from is displayed in Appendix B.

The 95" percentile of the average percentage of sediment retained in each sieve size for
samples taken from the coastline on eight different dates between 2009 and 2011 indicates
that the majority of the coast consists of sand with a D50 of 0.355 mm, as shown in Figure
3.5. Based on this analysis, a sediment size of 0.355 mm is selected to simulate the sand on

the beach slope in this study as it is the representative of the KZN coastline.
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Figure 3.5. The first, second, third quantile (Q1, Q», and Qs, respectively) and 95th percentile
showing the average percentage of sediment retained in each sieve class size for samples
taken from the coastline, stretching from the Mgeni River to Umhlanga in the KZN coastline.

3.1.4 Time Frame

All simulations were run in surfbeat mode for a period of 1.5 simulation days (simulation days
are the number of days that the event is simulated for) for the high energy wave condition,
and 1.5 simulation days for the low energy wave condition. A morphological acceleration of
10 was used for the low energy wave condition simulations, which simulated morphological
changes for 15 simulation days. The beach slope was exposed to the varying wave conditions,
shown in Table 3.2, which resulted in an accretive and erosive state. The rate and direction of
the resulting sediment transport is investigated. Hence, the time frame chosen was sufficient

to allow a clear picture of cross-shore transport to develop .

3.1.5 Wave Boundaries Conditions

The wave height and period was chosen from nine years of wave data obtained from the
wave rider buoy offshore of the Durban harbour. The wave heights and corresponding wave

periods are displayed in Figure 3.6. The non-dimensionalized fall velocity is given as



3.1 XBeach Cross-Shore Model Setup 36

H;

Q—
wT),

(3.2)

where € is non-dimensionalized fall velocity, Hs is significant wave height (m), w is sediment
fall velocity (m/s), and Tp is wave period (s), was used to estimate wave conditions for the

desired outcome.

Figure 3.6 shows that the erosive waves have periods greater than 7.5 s. However, the
majority of wave heights that are greater than 3.5 m have periods that fall in a range of 10 to
12 s. Hence, a high energy wave condition with a period of 11 s was selected while a low
energy wave condition with the same period was selected for consistency. The relationship

between wave height (H;) and the dimensionless fall velocity () is linear.

l

0.0 12.5 15.0 175 20,0 25
Tp (s)

4 .
4 . i
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5.0 7.5 1

Figure 3.6. Wave characteristics observed from 2007-2016. Where the blue dots indicate the
selected wave conditions.
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The two wave conditions used are chosen using the dimensionless sediment fall velocity
to result in accretive and erosive conditions. Higher wave heights results in a higher non-
dimensional fall velocity, as discussed in section 2.3.2. In the KwaZulu-Natal coastal area,
waves can be classified as a storm waves if they are greater than 3.5 m (Corbella & Stretch,

2012b).
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Table 3.2 Summary of the wave conditions tested. The power spectrum density (PSD) of the
wave input is shown in Figure 3.7.

Condition | H, (m) | Tp(s) | ws ("2) | Q(-) | Expectation
1 1 11 | 0.034 | 1.753842 | Accretion
2 3 11 | 0.034 | 5261527 | Erosion

The imposed wave condition is approaching the beach perpendicularly, so wave refraction is
not taken into consideration. Furthermore, the model is 1D with vertical layers. This means
that there was no need to consider the alongshore components of the linear, and shallow

water equations.

3.1.6 Wave Model

Corbella and Stretch (2014) stated that a JONSWAP spectrum could best describe the wave
conditions along the east coast of KwaZulu-Natal. A JONSWAP spectrum, with the largest
recommended peak enhancement factor of five, was used to simulate the wave spectrum.
Table 3.3 shows the parameters utilized to describe the JONSWAP spectrum, that was used

to simulate the varying wave conditions explored in this project.

Table 3.3 Summary of the JONSWAP spectrum used.

Parameter Unit | Value
H; of the wave spectrum, significant wave height [-] Im and 3m
Peak enhancement factor in the JONSWAP expression | [-] 5

Directional spreading coefficient [-] 1
[
[

Main wave angle (nautical convention) deg] | 270
Peak period of the wave spectrum s] 11
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XBeach has five different wave breaking formulations used for short wave dissipation. The
wave breaking model used in this project was formulated by Roelvink (1993). This wave
breaking formulation has a breaker index where wave breaking starts when the H/h ratio
is higher than the set breaker index threshold. The selected wave breaking model allows
for the specification of the breaker index. The breaker index of 0.78 was used because the
propagating wave only makes contact with the bed as the wave-height to water-depth ratio
reaches 0.77 (Roelvink, 2011). The JONSWAP spectrum of the wave conditions selected is
described in Figure 3.7. The characteristics of the selected spectrum are displayed in Table

3.3.

O Hme=1m
* Hmp=3m

- . T~

0 pmmtiadei=e e ‘ i : i

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Frequency (Hz)

Figure 3.7. Power Spectrum Density (PSD) of wave condition 1, and wave condition 2.

XBeach uses an explicit numerical solution scheme, where the user specifies the Courant-
Friedrichs-Lewy number (CF L), and the model computes an automatic time-step each time,

thus guaranteeing stability. In this study, a CFL value of 0.7 was used.

3.2 Simulation Structure

The parameters used to calibrate the model in this study were the wave asymmetry and wave
skewness. The surfbeat and stationary mode in XBeach allow the calibration of w; (wave
asymmetry calibrating factor), and w, (wave skewness calibrating factor). These parameters

are only functional in the surfbeat and stationary wave model (wave averaged). The non-
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hydrostatic model is a wave resolving model. Therefore the pre-described parameters cannot
be used as the wave asymmetry and wave skewness is explicitly resolved. The sediment
transport formulas used in XBeach do not have parameters that can be varied individually
to change the sediment transport rate. Therefore, the wy and w; parameters adjust the wave
asymmetry and wave skewness contributions, which in turn affects the net sediment transport
rate and direction. The chosen parameter is varied from O to 1 for wave conditions discussed
in Section 3.1.5. The simulation was made to write-out at a time interval of 1s for the

instantaneous output variables and every 1800s for the mean, max, and min output variables.

The input for the simulation includes the sediment characteristics (i.e., sediment size),
simplified morphological characteristics (i.e., beach slope), and idealized wave climate
(i.e., wave height, wave period). Figure 3.8 shows the schematic diagram of the simulated
experimental data. Due to limitations in the amount of long-term data available for wave
climate, beach morphology (slope), and sediment characteristics for a given beach, XBeach
was used to simulate and explore the relationship between these variables. The simulations
were set up to consider all the aforementioned characteristics. The wave asymmetry and
thereafter, the wave skewness calibrating factors, were varied independently to analyse the
sensitivity of the advection velocity, sediment transport rate, as well as sediment transport
direction. Initially, the wave asymmetry calibrating factor was increased from 0-1. Once
completed, the wave skewness calibrating factor was increased from 0-1. Thereafter, the
wave asymmetry and wave skewness calibrating factors were increased simultaneously from
0-1, and increased at an interval of 0.1. The detailed model setup can be found in Appendix
A. The wave asymmetry and wave skewness calibrating factors were used in the calculation

of the sediment transport rate through the advection velocity, that is calculated as

U, = (w1 Sk—wy As) Upps (3.3)

where w; and w, are the wave asymmetry and wave skewness calibrating factors applied

to the wave skewness (Sk) and asymmetry (As) respectively. The advection velocity was
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then used to calculate the representative velocity, that was used in the sediment transport rate
calculations with
dc 9z

1.6CVigou—=— 34
ox STMAsH O x 34

q: = CSUreps —Dyh
where C; is the depth-averaged sediment concentration, Uy, is Ug + Uy, Dy, is the sediment
diffusion coefficient, V;uqq, 1s the Lagrangian transport velocity, U, is the advection velocity,

and U is current flow velocity.

[Soulsby-Van Rijn Model] [ Van Thiel-Van Rijn ] [ Van Rijn Model ]
Y
J Wave Conditions: L

)

" Hs=1m,Hs=3m |

Y

Calibration case 1: w1 increased from 0 to 1 at an interval of 0.1 while w2 is kept at 0.1

Calibration case 2: w2 increased from 0 to 1 at an interval of 0.1 while w1 is kept at 0.1
Calibration case 3: w1 and w2 increased from 0 to 1 at an interval of 0.1

Figure 3.8. The schematic diagram of the experimental design of the simulation run per
wave condition selected.



CHAPTER 4: RESULTS AND DISCUSSION

This chapter presents the results and discussion on the effect of varying wave asymmetry
(w1) and wave skewness (w;) calibrating factors on the hydrodynamics and the sediment
transport models available in XBeach (i.e Soulsby-Van Rijn model, Van Thiel-Van Rijn model,
and Van Rijn model), as well as the capacity of the available sediment transport models
to simulate beach erosion and accretion under fixed model parameters with varying wave
conditions. The wave conditions that will result in accretion and erosion are estimated using
Dean’s Heuristic model, otherwise known as the non-dimensionalized fall velocity (Q).

4.1 Hydrodynamics

There is a direct relationship between the current flow velocity (Ug) and the sediment transport
direction. Negative (offshore) current flow velocities will result in an offshore sediment
transport and positive (onshore) current flow velocities will result in onshore sediment
transport. The time-averaged current flow velocity for both wave conditions investigated
was found to be in the offshore direction. Figure 4.1 displays the first decile, first quantile,
second quantile, third quantile, and ninth decile of the current flow velocities. This statistical
analysis of the current flow velocities for the wave spectrum ran, with Hy of 1 m and 3 m
shows that the beach experiences a negative (offshore) velocity majority of the time. That is
indicated by the second quantile (median) being negative. The advection velocity (U,) was
found to increase linearly (for both wave conditions) with the increasing wave asymmetry
calibrating factor (w) relative to wave skewness calibrating factor (w,) and increasing wave
skewness calibrating factor (w;) relative to wave asymmetry calibrating factor (w;), as shown

in Figure 4.3.
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Figure 4.1. The first decile (D), first quantile (Q1), second quantile (Q;), third quantile
(Q3), and ninth decile (Dyg) of the current flow velocities due to a wave height of 1 m.

1.0 ==
S
*_x‘x Ky
0.5+ x_x_*_»-)r*“" %
D el - 3
P s matanka T il N \
¥ 0.0 EEEE ;*‘“$§§B—s-ﬁ—-&é-p-p-w-t>9-b-p-v1»9—9-»-»-&—5—9-»-»-»9—>-B'-*>"F>'*‘""“’ -]
e 3 P o e o e 00 AT A e et o SRS 4
£ Fosos ﬁ--g-g-‘_a..ﬁ.,_*_*_ﬁ_‘_f:i‘fzoe.s_eﬂ_e_e_s_eﬂ + +-+—-o~4—+-+-¢~~.--o—+—+—-+-.,.._,‘+‘* ’P‘/e’,
— —0.51 bt S 065 “*e, oy,
w ' el o-g Sy *
> -9 *”""'*-o-a-—n-* _0'61’9‘&5 = ;5"0,:
e ~6.,
-1.01 > Qs - Teea, s @ ’J
N
Rl S.g-e” &
15 x Dg e, L
—41.07 ey A
T T T T Tttt
0 100 200 300 400 500 600

Cross-Shore Distance (m)

Figure 4.2. The first decile (D), first quantile (Q;), second quantile (Q»), third quantile
(Q3), and ninth decile (Dyg) of the current flow velocities due to a wave height of 3 m.

Non-dimensionalizing the advection velocity in terms of the wave height and wave period
allows for the exploration of a wide variety of wave conditions i.e. wave height and period
(Non-dimensionalizing of the advection velocity is presented in Apendex A). Furthermore,
the Non-dimensionalizing helps to estimate the expected magnitude and direction of the
advection velocity as a function of the wave asymmetry calibrating factors or wave skewness
calibrating factors (w; and wy, respectively). The representative velocity (Urep) is the sum

of the advection velocity and current flow velocity, given by

Uy = (—w1As + waSk)Ups 4.1)

where wi and w; are the wave asymmetry and wave skewness calibrating factors applied to

the wave skewness (Sk) and asymmetry (As) respectively.
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Figure 4.3. The change in the advection velocity as a function of the wave asymmetry
(w1) and wave skewness calibrating factors(wy) displayed in (a) and (c), respectively. The
dotted and dashed lines are the best-fit lines for H; of 1 m and 3 m. The change in non-
dimensionalizing advection velocity as a function of the wave asymmetry calibrating factors
(w1) and skewness calibrating factors (w») is displayed in (b) and (d), respectively.

Given the above mentioned results, the change in the wave asymmetry calibrating factor

(wy) relative to wave skewness calibrating factor (w;) and wave skewness calibrating factor

(w») relative to wave asymmetry calibrating factor (w;) will have a direct effect on the

sediment transport rate as well as direction. This is due to the incorporation of short wave

non-linearities in the computation of the advection velocity (U,), which is used in addition to

the current flow velocity (Ug) to calculate the sediment transport rate, as shown in Equation

4.2. The offshore flow of the time-averaged current flow velocity, in addition to the offshore
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direction of the advection velocity under default w; and w; values, indicated a net offshore

transport for both wave conditions.

4.2 Sediment Transport

The equilibrium sediment concentration, C,4, was used as a source term in the advection
and diffusion model to solve for the sediment concentration at each time step (Pender &
Karunarathna, 2013). The equilibrium sediment concentrations were calculated from one of
three sediment transport formulations available in XBeach (i.e., Soulsby-Van Rijn model,
Van Thiel-Van Rijn model, and Van Rijn model). The advection velocity introduces short
wave non-linearity into the sediment transport computations through the advection velocity.
The advection velocity was used in the advection and diffusion model to calculate the depth-
averaged sediment concentration, which was used to compute the sediment transport rates at
each time step, given by

dec dz

 — L6C Va5 4.2)

qr = CsUreps —Dyh
where C; is the depth-averaged sediment concentration, Uy is Ug + Uy, Dy, is the sediment
diffusion coefficient, Vg, is the Lagrangian transport velocity, and U, is the advection
velocity. The calibrating factor for wave asymmetry and wave skewness (w; and w;) were
increased from O to 1 at an interval of 0.1 to investigate the change in the sediment transport
rate as a result of the increasing advection velocity as described in Figure 3.8. The expected
sediment transport rate for wave conditions 1 and 2 is onshore and offshore, respectively as

per the Dean et al. (1973) Heuristic model (the non-dimensionalized fall velocity), displayed
in Table 3.2.

4.2.1 Soulsby-Van Rijn Model

An increase in the sediment transport rate in the onshore direction is due to the increase

in the wave asymmetry calibrating factor (w1) as the wave skewness calibrating factor
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(wy) remains at the default value of 0.1 and vice versa. Additionally, an equal increase
in the wave asymmetry and wave skewness calibrating factor results in an increase of the
sediment transport rate (in the onshore direction) that is responsible for accretion. Although
the magnitude of onshore sediment transport increases in all three cases of calibration,
the magnitude of sediment transport varies as a function of the calibration case, sediment
transport model, and wave conditions. The time-averaged sediment transport rate for both
wave conditions with the increasing wy relative to wj, increasing wy relative to wy, and
increasing wj and wy 1s displayed in Figure 4.4. The change in the sediment transport rate as

a function of the wy, w, and calibration case 3 are shown with the coloured lines.
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Figure 4.4. The change in sediment transport rate for the cross-shore domain computed
using Soulsby-Van Rijn sediment transport model as a function of the wave conditions, and
w1, wp and calibration case 3 (w; and w; calibrating factors together). The range of colours
represents the change in the wy, wyp and calibration case 3 values as indicated by the legend
and described in Figure 3.8.

Figure 4.4 (a) and (b) display the resulting changes in the sediment transport rates with
increasing wy values while leaving w, constant at the default values. Figure 4.4 (c) and (d)
show the resulting changes in the sediment transport rates with increasing w, values while
leaving w; constant at the default value. Figure 4.4 (c) and (d) show the resulting changes in
the sediment transport rates with increasing values for calibration case 3. The Soulsby-Van
Rijn sediment transport model predicts net offshore transport in the default mode for both
wave conditions with default wi, w, and calibration case 3 values of 0.1, as displayed in
Figure 4.5. The results show that the sediment transport rates increase with the increasing
wi value (while w; stays at a default value of 0.1, calibration case 1), increasing w; value
(while w stays at a default value of 0.1, calibration case 2), and increasing wy and w; values
(calibration case 3). For the calibration case 1, wy value of less than 0.3 will produce net
offshore sediment transport, and w; value of greater than 0.3 will produce a net onshore
sediment transport, as shown in Figure 4.5 (a). For the w, and case 3 values less than 0.2 will
produce net offshore sediment transport, while greater than 0.2 will produce a net onshore
sediment transport, as shown in Figure 4.5 (b) and (c). The suitable w, w, or calibration
case 3 values to use for long term morphological models, to maintain the equilibrium of net

sediment transport rate, is 0.3 for w; and 0.2 for w, and calibration case 3.
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Figure 4.5. The change in net sediment transport rate for high and low energy waves (Hy; =3
m and Hy = 1 m, respectively) as a function of the w; shown in (a). The change in net
sediment transport rate for high and low energy waves as a function of w, shown in (b). The
change in net sediment transport rate for high and low energy waves (H; =3 m and Hy = 1
m, respectively) as a function of increasing w; and w, shown in (c).

4.2.2 Van Thiel-Van Rijn

The results show that the Van Thiel-Van Rijn sediment transport model has a similar response
to the Soulsby-Van Rijn sediment transport model regarding the changes in the approaching
wave energy and the calibration cases. The increase in wave energy and the increase in
the calibration factor in calibration cases 1, 2, and 3 resulted an increase in the onshore

sediment transport rate for the whole cross-shore domain. Figure 4.6 shows the time-averaged
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sediment transport rate as a function of the two wave conditions and changing calibrating

factors (indicated with the varying colours).
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Figure 4.6. The change in sediment transport rate for the cross-shore domain computed
using Van Thiel-Van Rijn sediment transport model as a function of the wave conditions, and
w1, wo and calibration case 3 (w; and w; calibrating factors together). The range of colours
represents the change in the wy, wy and calibration case 3 values as indicated by the legend
and described in Figure 3.8.

Figure 4.6 (a) and (b) show the resulting changes in the sediment transport rates with
increasing wy values while leaving w, constant at the default values. Figure 4.6 (c) and (d)
show the resulting changes in the sediment transport rates with increasing w, values while
leaving w; constant at the default value. Figure 4.6 (c) and (d) show the resulting changes in
the sediment transport rates with increasing values in calibration case 3. The Van Thiel-Van
Rijn sediment transport model, predicted net offshore sediment transport for the default wy,
wy and for calibration case 3 (wy,w,) values of 0.1, as displayed in Figure 4.7. The results
show that a wy value (while w» stays at a default value of 0.1), and a w, value (while w stays
at a default value of 0.1) of less than 0,3 will produce net offshore sediment transport, while
higher than 0,3 will produce a net onshore sediment transport, as shown in Figure 4.7 (a) and
(b) respectively. Additionally, calibration case 3 values less than 0.2 will result in erosion
and greater than 0.2 will result in accretion, as displayed in Figure 4.7 (c). The maintenance
of the transport rate equilibrium is not due to the expected changes in the direction of net
sediment transport rate for the given wave energy experienced by the beach face. However, it
is due to the balance of onshore-offshore sediment transport at the given wy, w or calibration

case 3 values. Therefore, these cross over values (w; and wy value of 0.3, and calibration
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case 3 value of 0.2) can be applied to any wave condition in order to simulate onshore and

offshore sediment transport.
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Figure 4.7. The change in net sediment transport rate for high and low energy waves (H; = 3
m and H; = 1 m, respectively) as a function of the w; shown in (a). The change in net
sediment transport rate for high and low energy waves (H; = 3 m and H; = 1 m, respectively)
as a function of w; shown in (b). The change in net sediment transport rate for high and low
energy waves (Hy; = 3 m and H; = 1 m, respectively) as a function of increasing wy and w,

shown in (c).

4.2.3 Van Rijn Model

The sediment transport rate computed by the Van Rijn sediment transport model increased

as a result of the increasing w value (while w, stays at a default value of 0.1, calibration
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case 1) and increasing wy value (while w; stays at a default value of 0.1, calibration case 2).
Additionally, an increase in calibration case 3 resulted in an increase of the sediment transport
rate that is responsible for accretion. The results show that in comparison to the Soulsby-Van
Rijn sediment transport model and Van Thiel-Van Rijn sediment transport models, the change
in the w; relative to w; does not result in a significant enough change to produce an net
onshore sediment transport rate, as shown Figure 4.8. However, increasing wy value relative
to w, and an increase in calibration case 3 does result in a net onshore sediment transport
rate at wi, wp, and calibration case 3 values higher than those obtained for the Soulsby-Van

Rijn sediment transport model and Van Thiel-Van Rijn sediment transport model.
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Figure 4.8. The change in sediment transport rate for the cross-shore domain computed
using Van Rijn (1993) sediment transport model as a function of the wave conditions, and
w1, wo and calibration case 3 (w; and w; calibrating factors together). The range of colours
represents the change in the wy, w; and calibration case 3 values as indicated by the legend
and described in Figure 3.8.

Figure 4.8 (a) and (b) show the resulting changes in the sediment transport rates with increas-
ing wy values while leaving w, constant at the default values. Figure 4.8 (c) and (d) show
the resulting changes in the sediment transport rates with increasing wy values while leaving
w constant at the default value. Figure 4.8 (c) and (d) show the resulting changes in the
sediment transport rates with increasing values for calibration case 3. The Van Rijn (1993)
sediment transport models predict net offshore for both wave conditions with the default wy,
w» and calibration case 3 values of 0.1, as displayed in Figure 4.9. The w; values less than
0,9 will produce net offshore sediment transport, while higher than 0,9 will produce a net
onshore sediment transport, as shown in Figure 4.8 (a). Figure 4.8 (b) displays that the w»
parameter does not change the direction of the sediment transport, as it was varied from 0 to
I at an interval of 0.1 as described in Figure 3.8. Using the best-fit line, it was evident that w,
will have to be 1.75 for H of 1m and 1.19 for H; of 3m in order to reach a net-zero sediment
transport rate. These wy values lie outside of the recommended maximum w; and w, values
by XBeach. However, calibration case 3 values greater than 0.5 will result in accretion, and

less than 0.5 will result in erosion, as displayed in Figure 4.8 (c).
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This sediment transport model could not produce a net onshore sediment transport for both
wave conditions with varying w,. Therefore, the suitable w, and calibration case 3 to use
for long term morphological models to maintain the equilibrium of net sediment transport

rate (due to the balance of the offshore and onshore sediment movement) is 0.9 and 0.5,

respectively.
__1.00 100
N& *  Hmo=1m N& *  Hmo=1m
£ 075 . y=0.13x+-0.08|R2=1.0 g 075 y=0.04x+-0.08|R2=0.853
™ = 0 =
T 050 A Hmo=3m L 050 4 Hmo=3m
= y=0.53x+-0.44|R2=1.0 B y=0.20x+-0.34|R?=0.832
= x
o 025 o 025
k) e &
£ 000 e £ 000 R —— —
o T o A o
o AT Q ——A———=cosas -
2 _0.25 " 2 -0.25: PSS T
g ok LA |
= e =
0%0 02 04 06 08 10 0%o0 02 04 06 08 10
w1 w>
(a) (b)
1.00
* Hmo=1m
075 . y=0.07x+-0.02|R2=1.0
0.50 4+ Hmo=3m
------ y=0.71x+-0.35|R?=1.0
0.25 e

Transport Rate x 1073 (m?/s)

(c)

Figure 4.9. The change in net sediment transport rate for high and low energy waves (H; = 3
m and H; = 1 m, respectively) as a function of the w; shown in (a). The change in net
sediment transport rate for high and low energy waves (H; = 3 m and H; = 1 m, respectively)
as a function of w shown in (b). The change in net sediment transport rate for high and low
energy waves (Hy; =3 m and Hy; = 1 m, respectively) as a function of increasing w; and wp
shown in (c).
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4.3 General Summary

The 3 cases explored showed that the sediment transport rates increased with increasing
wi relative to wy (calibration case 1), increasing w; relative to wy (calibration case 2), and
increasing w1 and w» (calibration case 3). The point at which the sediment transport rate
changes direction is different per calibration case, wave condition and sediment transport
rate. Figure 4.10 shows the change in the sediment transport rate experienced in w; and wp

space.

In summary, none of the sediment transport models available in XBeach have a calibrating
parameter that will directly allow the calibration of these models, which will affect the
sediment transport rates calculated. However, the wy, w, or calibration case 3 parameters
enable the calibration of the short wave asymmetry and wave skewness in the advection
velocity used in the computation of the sediment transport rate. Figures 4.5, 4.7, and 4.9
show that varying the wy relative to w, values (calibration case 1), w, relative w; values
(calibration case 2), and varying w; and w; (calibration case 3) produces significant net
onshore or offshore sediment transport. To use any of the sediment transport models discussed
to generate the beach volume and shoreline evolution data required to develop a simplified
volumetric model, the wi and w, values must vary as a function of the approaching wave
energy. This is essential in reproducing realistic sediment transport within the nearshore and

offshore zone (up to the closure depth).
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Figure 4.10. The three cases of wave asymmetry and wave skewness calibrating coefficient
colour-mapped to the resulting net sediment transport experienced as a function of the wave
condition and sediment transport model. Positive sediment transport rate is an accretion case
while negative is an erosive case. The contours show the gradient of the sediment transport
rate as a function of the calibration case.



CHAPTER 5: CONCLUSION AND
RECOMMENDATIONS

5.1 Conclusion

The advection velocity (used in the advection-diffusion model in XBeach) was used to
calculate the depth-averaged sediment concentration. It is a function of the representative
velocity (U,,s), wave asymmetry, and wave skewness each calibrated by factors wy and w,
respectively. The sensitivity of the sediment transport rate to the change in the advection
velocity, and separately varying the wave asymmetry and wave skewness calibrating factors
(w1, wp) was investigated in this study. Furthermore, the sensitivity of the sediment transport
formulations available in XBeach were investigated with respect to the independently varying
wave asymmetry and wave skewness calibrating factors. Accretive and erosive events were

defined using the Dean’s heuristic model (Dean et al., 1973), given by

Q= VZfP (5.1)
where € is non-dimensionalized fall velocity, Hs is significant wave height (i), w is sediment
fall velocity (m/s), and Tp is wave period (s). Conditions where Q > 3,2 will result in an
erosive case and Q < 3,2 will result in an accretive case. The nine-year wave data obtained

from the waverider buoy, offshore of the Durban harbour, was used to select realistic wave

conditions. The wave condition selection was dependent on the Dean’s heuristic model.

This study also investigated the sensitivity of the flow velocity and advection velocity to
the wave asymmetry and wave skewness calibrating factors (wy, wp). It was shown that
the advection velocity increased with calibrating case 1, calibrating case 2 and calibrating

case 3. Although the wave asymmetry or wave skewness calibrating factors (w, wy) don’t
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have a direct influence on the flow velocity, the difference of the flow velocity and advection

velocity was used to calculate the sediment transport rate.

The Soulsby-Van Rijn, Van Thiel-Van Rijn, and Van Rijn models were the sediment transport
formulations investigated in this study. The sediment transport models in XBeach were inves-
tigated with wave conditions chosen using the dimensionless fall velocity. The dimensionless

fall velocity was used to predict accretive and erosive events, as discussed in Section 2.3.2.

5.1.1 XBeach Cross-Shore Capability

The parametric study showed that for a single set of model parameters XBeach could not
predict onshore sediment transport. Hence, the model needs to be calibrated to simulate

accretive cases separately to erosive cases.

The Soulsby-Van Rijn model was the first sediment transport formulation investigated in
this study. The sediment transport rate computed using this model increased as the wave
asymmetry calibrating factor (w1) increased while leaving w, constant at the default values,
wave skewness calibrating factor (w;) increased while leaving w1 constant at the default val-
ues, and wave skewness calibrating factor (w;) increased together with the wave asymmetry
calibrating factor (w;). For low values of wy, w, and calibration case 3, the predicted net
sediment transport rate is in the offshore direction for both high and low wave conditions.
However, as the calibrating factors are increased, the sediment transport rate changes direc-
tion for both wave conditions, as discussed in Section 4.2.1. The wave asymmetry and wave
skewness calibrating factors that balanced the onshore and offshore sediment transport was

found to be 0.2 for all three sediment transport models investigated.

The Van Thiel-Van Rijn model was the second sediment transport model investigated. This
sediment transport model is an adaptation of the Soulsby-Van Rijn model with the drag
coefficient removed and the critical velocity computed in two parts. Namely critical velocity

for currents and waves (Shields, 1936; Komar & Miller, 1975). The sediment transport rate
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computed from the Van Thiel-Van Rijn model increased as the wave asymmetry calibrating
factor (w;) increased while leaving w, constant at the default values, wave skewness calibrat-
ing factor (wy) increased while leaving wy constant at the default values, and wave skewness
calibrating factor (w») increased together with the wave asymmetry calibrating factor (wy).
However, for the default value of the calibrating factors, the sediment transport rate for both
high and low energy wave conditions was in the offshore direction. The wave asymmetry and
wave skewness calibrating factors that balanced the onshore and offshore sediment transport

was found to be 0.3 for calibration case 1 and case 2, and 0.2 for calibration case 3.

Finally, the Van Rijn model was the last sediment transport formulation investigated. This
model calculated the sediment concentration in the water column as suspended sediment
concentration, as discussed in section 2.5.2. Additionally, this model calculated the bed-load
transport as a direct function of the mobility number due to waves and currents, sediment
characteristics, and an excess sediment mobility number. Therefore, the calibrating factors
only affected the magnitude and direction of the suspended sediment transport, as the bed-
load transport was calculated by the sediment transport model itself. On the contrary, the
suspended sediment concentration was calculated by the sediment transport model and used
in the advection-diffusion model to calculate the depth-averaged sediment concentration. In
this study, it was found that this sediment transport model can only reach a balance between
onshore and offshore sediment transport as a function of the wave asymmetry calibrating
factor (wy) of 0.9, and the wave asymmetry and wave skewness calibrating factor (calibration

case 3) of 0.5.

In summary, it can be concluded that the sediment transport rates are heavily influenced by
the wave asymmetry and wave skewness calibrating factors (w; and w;, respectively). In
order to simulate realistic shoreline evolution and beach volume changes using XBeach, the
wave asymmetry and wave skewness calibrating factors must be varied as a function of wave

conditions, and sediment transport model used.
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5.2 Recommendations

This section discusses the cross-shore sediment transport modeling capacity of XBeach and
recommends the most suitable parameters to be used for the calibration of the sediment
transport rate in the cross-shore direction. Additionally, recommendations are given for
further research on the methods to be used for the development of a function that will
improve the efficiency of the calibrating parameters used in XBeach, which will result in a

more realistic sediment transport rate for a given wave condition.

5.2.1 Application of Short Wave Non-linearities calibrating Factors

None of the sediment transport models were able to produce onshore sediment transport under
low wave energy and offshore sediment transport under high wave energy. These simulations
were run under fixed model parameters that describe wave asymmetry and wave skewness
effects. However, the calibrating factors investigated in this study can be adjusted in-order to
predict accretion and erosion. The wave asymmetry and wave skewness calibrating factors
that balance the onshore and offshore sediment transport are found to vary with the sediment
transport model used, as discussed in Section 4.2 and summarized in Section 5.1.1. This can
be used in the long term analysis of equilibrium cross-shore profiles, by using the calibrating
factors obtained from a lookup table developed for a specific site, based on the average
slope of the beach and the sediment size making up the beach. It must be noted that there
is an interdependence between the incorporation of wave non-linearities and the sediment
transport rate computation, where a better parametrization of the wave non-linearities will

result in more realistic sediment transport and morphological changes.

5.2.2 Improving Cross-Shore Sediment and Morphological Modeling

In order to use the wave asymmetry and wave skewness calibrating factors realistically,
they need to be a function of the incoming wave energy and sediment transport model

used. Currently, the calibrating factors don’t change as a function of the approaching wave
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energy. Therefore, a relationship needs to be developed between the calibrating factors,
and the wave energy and sediment transport model used. Wave flume data could be used
to develop this empirical relationship. This relationship can thereby be incorporated into
XBeach to produce more realistic shoreline evolution and beach profile changes because
XBeach is an open-source software. The wave energy experienced by a coastal area changes
at different time (on an hourly, daily, seasonal and yearly basis) and spatial scales. Therefore,
using process-based models such as XBeach for long term simulations is not feasible as the
computational demand is high. However, once the effect of the calibrating factors on erosion
and accretion is addressed, XBeach can be used to generate the data required to develop a
simple volumetric shoreline model for long term simulations that can be used to explore

climate change and its effects on shoreline evolution.

Currently, the only way to run long term simulations is with one-line models or wave reduc-
tion models (Olij, 2015; Roelvink D, 2018). An example of a line model is the ShorelineS
(Roelvink D, 2018). ShorelineS is capable of addressing non-linearities in the shoreline that
arise due to high-wave angles. However, such models are limited to a particular contour and
often do not incorporate both cross-shore and alongshore transport. Line models that do
incorporate both alongshore and cross-shore sediment transport, combine the cross-shore
and alongshore sediment transport at two different time scales (Vitousek et al., 2017). The
shortcoming of wave reduction models is wave sequencing and the decision on which mor-

phological factors use (Olij, 2015).

A better approach to predicting long-term shoreline change is using a volumetric approach.
However, this requires an understanding of the relationship between beach sand volume
and profile shape, as well as the ability to relate it to the wave energy experienced by the
coastal area. These fundamental relationships are not site-specific, have global applications
for simulating shoreline behaviour, and aid in coastal engineering design. To explore long
term changes experienced at any given coastal area due to the changing wave climates (which

can be a result of climate change) the development of a simple model that takes into account
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both the cross-shore and alongshore sediment transport is essential. This can be achieved
by developing a simple volumetric shoreline model that incorporates both alongshore and
cross-shore transport at different spatial and time scales, which will be less computationally
demanding. Therefore, using the newly developed model, longer wave sequences and climate

change effects can be explored in long term simulations.
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APPENDIX A: MODEL INPUT PARAMETERS AND

VALUES

Table A.1 XBeach Model Input

Physical Processes

wavemodel surfbeat
Turn on sediment transport sedtrans 1
morphology morphology | 1
avalanching avalanching 1
groundwater flow gwilow 1
Grid Parameters
Number of computational cell corners in x-direction nx 628
Number of computational cell corners in y-direction ny 0
Bathymetry is specified positive down (1) or positive up (-1) | posdwn -1
Name of the input bathymetry file depfile bed.dep
Name of the file containing x-coordinates of the calculation | xfile x.grd
grid
Name of the file containing y-coordinates of the calculation | yfile y.grd
grid
Number of computational cells in z-direction nz 20
Lower directional limit (angle w.r.t computational x-axis) thetamin 90
Higher directional limit (angle w.r.t computational x-axis) | thetamax 360
Directional resolution dtheta 10
Model Time Parameters
Stop time of simulation, in morphological time tstop 3800
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Physical Constants
Density of water rho 1025
Gravitational acceleration g 9.81
Wave Boundary Condition Parameters
New wave boundary condition type wbctype parametric
Name of spectrum file bcfile jonsp.txt
Wave-Spectrum Boundary Condition Parameters
Switch to enable random seed for instat = jons, swan or | random 0
vardens boundary conditions
Duration of wave spectrum at offshore boundary, in morpho- | rt 1800
logical time
Flow Boundary Condition Parameters
Switch for seaward flow boundary front abs_1d
Switch for lateral boundary at ny+1 left wall
Switch for lateral boundary at 0 right wall
Switch for boundary at bay side back abs_1d
Tide Boundary Conditions
Inital water level zs0 0
Wave Breaking Parameters
Type of breaker formulation break roelvink2
Breaker parameter in baldock or roelvink formulation gamma 0.78
Flow Parameters
Bed friction formulation bedfriction manning
Bed friction coefficient bedfriccoef 0.02
Sediment Transport Parameters
Equilibrium sediment concentration formulation form Varies
Calibration factor time averaged flows due to wave skewness | facSk Varies
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Calibration factor time averaged flows due to wave asymme- | facAs Varies
try
Calibration factor for suspensions transports sus 1
Calibration factor for bed transports bed 1
Modify the magnitude of the sediment transport based on | bdslpeffmag | roelvink_bed
the bed slope, uses facsl
Bed Composition Parameters
Porosity por 0.4
D50 grain diameters for all sediment classses D50 0.000355
Morphology Parameters
Morphological acceleration factor morfac 1
Critical avalanching slope under water (dz/dx and dz/dy) wetslp 3
Critical avalanching slope above water (dz/dx and dz/dy) dryslp 1
Output Variables
Start time of output, in morphological time tstart 0
Interval time of global output tintg 1
Interval time of mean, var, max, min output tintm 1800
Number of global output variables (as specified by user) nglobalvar 14
Bed level zb
Asymmetry of short waves As
Skewness of short waves Sk
Orbital velocity urms
Reflected velocity at bnds in u-points ur
Representative flow velocity for sediment advection and | urepb
diffusion, x-component
Representative flow velocity for sediment advection and | ureps

diffusion, x-component
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Wave energy E
Hrms wave height based on instantaneous wave energy H
Eulerian velocity in u-points, x-component ueu
Bed sediment transport for each sediment class (excluding | Subg
pores), Xx-component

Sediment concentration integrated over bed load and sus- | cctot
pended and for all sediment grains

Depth-averaged bed equilibrium concentration for each sedi- | ceqbg
ment class

Depth-averaged suspended equilibrium concentration for | ceqsg
each sediment class

Number of mean, min, max, var output variables nmeanvar
Sediment transport integrated over bed load and suspended | Sutot
and for all sediment grains, Xx-component

Sediment concentration integrated over bed load and sus- | cctot
pended and for all sediment grains

Depth-averaged bed equilibrium concentration for each sedi- | ceqbg
ment class

Depth-averaged suspended equilibrium concentration for | ceqsg

each sediment class
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NonDimensionalization of Advection Velocity

a ﬂHrms
W™= X1 X T Sinh(2kR))

where:

x; = (—w; x As+wy x Sk)

where H,,,; is Root mean square wave height, T, is Wave period, k is wavenumber, # is
Water depth, u“ is the advection velocity, u” is current flow velocity, and w; and w» are the
wave asymmetry and skewness calibrating factors applied to the wave skewness (Sk) and

asymmetry (As) respectively.
x1 has no dimension.Hence, only the U,,; has to be non-dimensionalised.

H,
U — - T s
orb = T, sinh(2(25))h))

where the dimensions of each parameter are:

Hyps = m [meters|
T, =s [seconds]
h=m [meters]

L=m [meters]

The nondimentionalisation of the U, is as follows:
U,p = [m]
orb = lsinh(2(Z))[m]))

Uorp = —[S}SZ%E)
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& _ _ THyps &
Uorb X Hy = Tpsinh(4m) X H
I _ _ wm| [s]
Uorb X &, = Tsimn(an) = ]
T, T
Uorb X H; — sinh(4rm)

Therefore, the nondimentionalised advection velocity is:

3

Iy _
Ug X H, — M X sinh(4m)



APPENDIX B: SEDIMENT CHARACTERISTICS DATA

Table B.1 The percentage sediment retained in each sieve size for samples from Mgeni River
to Umhlanga (2009-2011).

Date
Dso 2/1/2009 8/1/2009 12/1/2009 2/1/2010 4/1/2010 8/1/2010 12/1/2010 4/1/2011

4mm 1.379310345 | 0.862068966 | 1.293103448 | 0.603448276 | 1.293103448 | 0.344827586 | 0.689655172 | 1.293103448
2mm 10.0862069 | 11.89655172 | 10 5.086206897 | 11.63793103 | 3.793103448 | 9.137931034 | 6.724137931
1.41mm | 12.24137931 | 15 12.24137931 | 9.310344828 | 12.32758621 | 5.25862069 | 12.4137931 | 6.637931034
Imm 14.39655172 | 13.79310345 | 14.39655172 | 14.74137931 | 13.01724138 | 9.137931034 | 15.94827586 | 10.34482759
710um | 16.29310345 | 14.22413793 | 16.37931034 | 20.25862069 | 14.39655172 | 15.51724138 | 18.44827586 | 16.37931034
500um | 14.65517241 | 14.9137931 14.65517241 | 20 15.60344828 | 19.74137931 | 16.46551724 | 18.62068966
355um | 12.84482759 | 13.10344828 | 12.84482759 | 14.56896552 | 13.70689655 | 21.29310345 | 12.4137931 | 21.03448276
250um | 13.10344828 | 11.89655172 | 13.10344828 | 11.55172414 | 13.01724138 | 19.05172414 | 8.965517241 | 14.31034483
180um | 4.310344828 | 3.793103448 | 4.310344828 | 3.620689655 | 4.482758621 | 5.431034483 | 2.75862069 | 3.965517241
125um | 0.775862069 | 0.517241379 | 0.775862069 | 0.517241379 | 0.603448276 | 0.689655172 | 0.517241379 | 0.517241379
90um 0.172413793 | 0.086206897 | 0.172413793 | 0.086206897 | 0.172413793 | 0.172413793 | 0.086206897 | 0.172413793
65um 0 0 0 0 0.086206897 | 0 0 0.086206897
mud 0 0 0 0 0 0 0 0

Table B.2 The first, second, third quantile (Q1, O3, and Q3 respectively) and 95th percentile
of the average percentage sediment retained in each sieve size for samples taken from the
coastline stretching from the Mgeni River to Umhlanga in the KZN coastline.

Dsg Percentile
0.25 0.5 0.75 0.95

4mm 0.668103448 | 1.077586207 | 1.293103448 | 1.349137931
2mm 6.314655173 | 9.568965517 | 10.47413793 | 11.80603448
1.41mm | 8.64224138 | 12.24137931 | 12.34913793 | 14.09482759
Imm 12.34913793 | 14.09482759 | 14.48275862 | 15.52586207
710um | 15.23706897 | 16.3362069 | 16.89655172 | 19.625
500um | 14.84913793 | 16.03448276 | 18.90086207 | 19.90948276
355um | 12.84482759 | 13.40517242 | 16.18534483 | 21.20258621
250um | 11.81034483 | 13.06034483 | 13.40517242 | 17.39224138
180um | 3.75 4.137931035 | 4.353448276 | 5.099137931
125um | 0.517241379 | 0.560344828 | 0.711206896 | 0.775862069
90um 0.086206897 | 0.172413793 | 0.172413793 | 0.172413793
65um 0 0 0.021551724 | 0.086206897
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