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Abstract

The objective of this thesis is to investigate the role of different hydrodynamic and
morphological factors influencing sediment transport patterns at the Sand Motor
(Netherlands) in order to give insight into processes controlling the short-term sand bar
morphodynamics and the long term development of the Sand Motor. The Sand Motor is a
pilot project of a ‘mega-nourishment’ built in 2011 in the Delfland coast. The morphodynamic
behavior of mega-nourishments is still unknown, as the Sand Motor is a pioneer project in this
field.

This work presents an analysis of the morphological changes of the Sand Motor since
its construction (August 2011) until April 2013 based on monthly bottom topography surveys.
The evolution of the coastline and the sand bar system is then related to the hydrodynamics.
Thereafter, simulations of realistic and schematized scenarios are conducted using the
numerical model Delft3D. Based on those results a conceptual model of the evolution of the
Sand Motor is derived and the trends in the longshore sediment transport rates for the
different aspects of the morphological evolution are analyzed in order to give insight regarding
future development of the Sand Motor. The variables considered are the tide, the coastline
curvature and the sediment grain size.

It is found that although sand bars are highly dynamic features, the sand bar system
at the Sand Motor seems to persist between the surveys. Oblique sand bars and other three-
dimensional features ae mostly found during periods with highly energetic conditions, contrary
to the hypothesis that high waves lead to a morphological reset of the system. Possible
reasons are the coarser sediment found in the area, the importance of the wave direction and
the level of variability of the existent bathymetry.

The tide plays a crucial role in the sediment transport patterns along the Sand Motor.
The water level (vertical tide) controls the effect of the bathymetry on the flow, which is
inversely dependent on depth. Therefore, low water levels enhance the meandering of the
current while high water levels hamper this effect. The tidal currents (horizontal tide) can
increase or decrease the longshore sediment transport rates depending on the direction of
the wave-driven longshore current. When the wave-driven longshore current is in the same
direction as the tidal flow, the longshore sediment transport is enhanced. On the other hand,
when in opposite directions, the net transport is reduced, and can even change direction
during periods with high flood velocities.

A decreasing trend in the longshore sediment transport rates at the head of the Sand

Motor is observed for the first year of development, transport rates being more intense during

Assessment of the variables influencing sediment transport at the Sand Motor i
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the initial period when the slope and the curvature were more out of equilibrium. Although the
curvature might play a role, the bottom slope seems to be more critical for average transport
rates, with the effect of the curvature more restricted to the alongshore distribution of
sediment transport rates. The sediment grain diameter, is also critical in the dynamics of the
system. Due to natural processes, the median sediment size in the head of the Sand Motor is
increasing, inducing a decrease in longshore sediment transport.

This study shows how field observations combined with numerical simulations can
give important information regarding the mechanisms governing the morpho-hydrodynamics

in complex environments.

ii Assessment of the variables influencing sediment transport at the Sand Motor
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Introduction

Around 75% of the Dutch coast consists of dune areas that provide protection of the
low-lying hinterland against flooding (de Ronde et al., 2003; Southgate, 2011). Besides that,
the sandy coast is also important for other purposes, such as ecological and recreational
functions. Large sections of the coast have been constantly eroding, consequently measures
were taken in order to maintain the beach-dune system.

Since 1990 the Dutch government adopted a new policy of "dynamic preservation” of
the coastline in order to stop further structural retreat in a sustainable way. In this sense the
entire coastline would be maintained at least at its 1990 position. In the year 2000 it was
defined that also the sand volume in the coastal foundation (i.e. the area between the -20 m
depth contour and the landward boundary of the dune massive) should be maintained.

This strategy requires constant nourishments, and an annual average volume of sand
of about 6 Mm?® since 1990, later raised to 12 Mm?® (Mulder & Tonnon, 2010). Regardless of
this, there is still a negative sediment balance in the coastal foundation, mainly due to sea
level rise, sediment accommodation space created by land reclamations, sand mining and
maintenance dredging. Thus, in order to maintain the active sand volume of the coastal
foundation a further increase on nourishments volume from 12 to 20 Mm?® per year would be
necessary (Mulder & Tonnon, 2010).

Investigations has been made to find more efficient and sustainable nourishment
methods, and following this trend, an innovative project has been developed to avoid the
continuous sand replenishment operations.

The Sand Motor is a pilot project of a mega-nourishment in the Delfland coast, that
consists of an artificial peninsula of around 128 ha of surface and a volume of 21.5 Mm? of
sand (Figure 1.1). The construction lasted from March to July 2011 and it is expected that
during the next 20 years the sand will be transported along the coast between Hoek van
Holland and Scheveningen due to natural processes, leading to an increase of the dune area
of around 33 ha (Mulder & Tonnon, 2010).

Assessment of the variables influencing sediment transport at the Sand Motor 1
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Figure 1.1: Delfland coast (Delflandse Kust) and the location of the Sand Motor (Zandmotor). Source:
http://www.kustvisiezuidholland.nl.

The morphodynamic behavior of mega-nourishments is still unknown, as the Sand
Motor is a pioneer project of this kind, but since its construction investigation has been carried
out in order to understand the processes acting on the area and its impacts on the coast.
During these monitoring campaigns different bed forms, such as sand bars and submerged
spits, were observed. Although sand bars are common features in sandy coasts and
considerable research has been made, the mechanisms driving their generation and
evolution are still not well understood. Furthermore, the Sand Motor has a very particular
shape, with a highly curved coastline, increasing the complexity of the local hydrodynamics
and sediment transport patterns.

Besides contributing for a better knowledge in the beach dynamics, and nearshore
processes, understanding the behavior of these features is important to better predict the
future development of the Sand Motor as the sand bars and the different curvatures of the
coastline in time can influence the long term behavior of the Sand Motor and hence the

spreading of sediments along the coast.

2 Assessment of the variables influencing sediment transport at the Sand Motor
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1.1 Objective

The objective of this thesis is to investigate the role of different hydrodynamic and
morphological factors influencing sediment transport patterns at the Sand Motor in order to
give insight in processes controlling the short-term sand bar morphodynamics and the long
term development of the Sand Motor.

Thereby the specific objectives of the project are:

o Identify the most important mechanisms controlling sand bar dynamics at the head of the
Sand Motor

e Analyze the trends in the longshore sediment transport rates due to the morphological
evolution of the first 1.5 year of the Sand Motor.

e Investigate the contribution of hydro- and morphodynamic factors on the sediment

transports along the Sand Motor.

1.2 Approach

The first phase of the study comprises a literature review regarding sediment
transport, curved coastlines hydrodynamics, spit development and sand bar dynamics in
order to build a theoretical background to understand the processes acting on the Sand
Motor. This is followed by a review of the previous studies related to the Sand Motor and the
surrounding areas.

Hereafter, a description of the morphological changes of the Sand Motor since its
construction until December 2012 was made based on monthly bottom topography surveys.
The evolution of the coastline and the sand bar system is then related to the hydrodynamics,
in order to give a first insight on the possible mechanisms generating those features.
Calculation of some indicators of beach states is done to evaluate the key periods for bar
growth, formation of three-dimensional features or morphological reset.

To investigate the hypothesis derived from the data analysis, a hindcast of selected
events was conducted using the numerical model Delft3D. Based on these results a
conceptual model of the evolution of the Sand Motor is derived.

The next phase of the study focused on the effects of the morphological evolution on
the long term development of the Sand Motor. For this, schematized scenarios, with constant
wave conditions were applied for the different bathymetries in order to account for the
influence of the curvature and the sand bars in the longshore sediment transport rates. In

addition, simulations with varying median grain size were carried out.

Assessment of the variables influencing sediment transport at the Sand Motor 3
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Lastly, the trends in the longshore sediment transport rates for the different aspects of
the morphological evolution were analyzed in order to give insight on the future development
of the Sand Motor.

4 Assessment of the variables influencing sediment transport at the Sand Motor
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Theoretical background

Since its construction, the Sand Motor changed from a hook-shaped peninsula to a
smoother, salient-like shape as the feature was eroded and the tip of the hook plunged
towards the coastline. On the long term, its evolution is possibly driven by the same
processes acting on a spit, as shown in the work of Achete (2011) based on the analogy with
the Ameland Bornrif, that exhibits a similar shape and order of magnitude as the Sand Motor.

On the other hand, the smaller time- and spatial-scale dynamics are strongly
dependent on the actual coastline position and shape, therefore the curvature of the Sand
Motor at different periods may play a fundamental role in the hydro- and morphodynamics of
the area. For this reason, the understanding of both, the spit dynamics (long-term

development and its hydrodynamics) and the bar dynamics are fundamental for this work.

Sediment transport

For a didactic approach the sediment transport in the coastal area can be divided into
cross-shore transport normal to the shoreline and alongshore transport parallel to the

shoreline (Figure 2.1).

Cross-shore
. sediment
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Figure 2.1: Distinction between longshore and cross-shore transport.

The cross-shore sediment transport occurs mainly due to wave action in the surf zone
and it defines the coastal profile shape. The response of the profile to the wave action is
depth-dependent, being faster for shallower depths (Bosboom & Stive, 2012).

The cross-shore sediment transport rate can be decomposed into contributions due to
undertow, bound and free long waves and short wave skewness. Experiments from Roelvink
& Stive (1989) show that the undertow component is offshore directed in the entire surf zone,
the long waves contribution is offshore directed until the phase relationship between the short

wave envelope and the long wave changes, and on the other hand, the short wave skewness

Assessment of the variables influencing sediment transport at the Sand Motor 5
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always leads to an onshore directed transport, increasing with the shoaling and decreasing in
the surf zone. During extreme storm events the undertow is dominant, resulting in a net
sediment transport directed offshore and a smoother profile, nevertheless, during mild
conditions an onshore net sediment transport is observed due to short wave skewness and a
steeper profile is rebuilt.

The wave driven longshore sediment transport is dependent mainly on the
hydrodynamics of the surf zone and sediment characteristics and availability (Bosboom &
Stive, 2012). Many formulae were developed in order to predict this type of sediment
transport, most are largely empirical and results may vary considerably, as shown by Bayram
et al. (2001). One of the reasons is the differences in the importance and sensitivity of certain
input parameters between the formulae, but also the calibration of coefficients often needs to
be site-specific. The main factors to be considered in the calculations of wave-driven
sediment transport rates are the wave height and angle, the type of wave breaking, that is
dependent among other factors on the wave steepness and period (Smith et al., 2009), the
grain size and the beach slope (Kamphuis, 1991; Dean & Dalrymple, 2002).

The longshore sediment transport rates are strongly influenced by the relative angle
between the incident waves and the bathymetric contours. This relationship is shown by the
S-phi curve (Figure 2.2) that gives the longshore sediment transport rate as a function of the
deep water wave angle. The maximum transport occurs when the waves approach the coast
with an angle somewhat smaller than 45° and the transport is reduced to zero when waves
approach normal or parallel to the coast.

At the Sand Motor this angle varies along the coastline due to the curvature, and
therefore different transport rates will be found at each section for a constant wave condition.
However, for the same stretch of coast, the transport rates will also vary in time for a constant
wave condition, as the curvature is progressively changing. The effects of the curvature in the
longshore sediment transport rates are discussed in Section 6.2.

When considering the sediment properties, an essential factor controlling the
sediment transport rates is the median grain diameter (Dsg). For non-cohesive sediment, finer
grains tend to be more easily eroded and transported than coarse grains. Grading, i.e. how
well sorted is the grain size distribution, is also an important characteristic to be considered
(de Meijer et al., 2002; van Rijn, 2007).

6 Assessment of the variables influencing sediment transport at the Sand Motor
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Figure 2.2: Longshore transport rates (S) as a function of deep water wave angle (¢o) calculated for an offshore
wave height of 2 m and wave period 7 s using the CERC formula (Bosboom & Stive, 2012). The dotted line
indicates @o=45°. The maximum transport occurs for angles somewhat smaller than 45° (42° in this case).

Spit dynamics

Spits are common wave-driven morphological features in the coastal areas, typically
found where there is a sudden change in the coastline orientation (Petersen et al., 2008).
They can have different shapes and sizes, depending on physical and geological settings.
The most important mechanisms responsible for the spit growth and migration are the wave
driven alongshore sediment transport (Petersen et al., 2008) and cross-shore processes such
as overwash (Kraus, 1999; Dan et al., 2011).

A crucial factor controlling spit development is the relative angle between waves and
the coastline. This angle increases towards the tip of the spit as the coast curves away from
the incoming waves, therefore if waves approach the coast with angles smaller than about
45° there is an increase in longshore sediment transport with increasing wave angle and the
spit would not be able to develop. On the other hand, under the influence of very oblique
waves (> 45°) there is a decrease in the sediment transport capacity towards the tip of the
spit, leading to down-drift accumulation of sediment and consequent elongation of the spit
(Figure 2.3).

Dan et al. (2011) modeled the evolution of an idealized spit under the influence of
different wave angles and found that "up-drift" wave directions (in the direction of the spit
growth) are the most important for the elongation of the spit, shore-normal waves cause

intense overwash, thus leading to lateral migration of the spit and "down-drift" directions

Assessment of the variables influencing sediment transport at the Sand Motor 7
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induce very low sediment transport, being important only for locally recurving of the tip of the
spit. The growth of the spit is probably episodic and occurs in the form of protruding fingers
with a competing process where spits overtake each other, mechanism possibly related to the
coastline instability (Petersen et al., 2008). Simulations of the effect of frequent storms on the
initial bathymetry of the Sand Motor show the growth of a protruding finger at the head of the

peninsula for different wave directions (Pekkeriet, 2011).

Figure 2.3: Longshore sediment transport rates for different wave angles. Elongation of the spit would occur only in
the case of very oblique waves. From: Petersen et al. (2008).

Another important aspect is the wave refraction patterns along curved coastlines.
Using the Ref-Dif wave model to simulate the wave propagation over an idealized conical
bathymetry Lopez-Ruiz et al. (2012) found that for very oblique wave incidence (>45°) there is
an energy divergence and a decrease in the surf zone width towards the tip of the spit (Figure
2.4a) and for approximately normal incident or "down-drift* waves there is an energy
concentration in the transition zone with a maximum width of the surf zone in a location that
depends on the angle of incidence (Figure 2.4b). The inertia of the longshore currents and the
adaptation delay of the suspended load transport to the spatial variations in the local
hydrodynamic forcing should also be considered in the longshore sediment transport patterns
at curved coastlines (Kaergaard & Fredsoe, 2013). The distribution of the sediment transport

along a coastline with sudden change in orientation is shown in Figure 2.5.

8 Assessment of the variables influencing sediment transport at the Sand Motor
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Figure 2.4: Wave energy pattern at the prograding front of a spit: a) energy divergence associated with the
incidence of high-angle wave; b) energy concentration associated with normal to negative wave angle
values. The angles of incidence are measured counterclockwise from the positive Y-axis. From Lopez-Ruiz

et al. (2012)
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Figure 2.5: Distribution of the sediment transport along a coastline with sudden change in orientation. Results are
based on the numerical simulations using waves with Hs = 1.0 m, T, =5 s, direction = 60° and median grain
size = 200 um. Modified from Kaergaard & Fredsoe (2013).
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5
TUDelft

19 June 2013

2.3 Nearshore sand bar systems

Nearshore sand bars are common features in sandy coasts. They can be present in
both the intertidal and subtidal domain and exist under a wide range of hydrodynamic
conditions (Wijnberg & Kroon, 2002). They can be linear and alongshore uniform, transverse,
crescentic, or even undulated in a more irregular way, orientated from shore-parallel to shore-
perpendicular.

Although sand bars are observed worldwide and considerable research has been
made, the mechanisms related to the generation and evolution of nearshore sand bars are
still not well understood. Two different types of mechanisms are proposed in the literature for
the generation of subtidal bars: the first is the "forcing template" theory, that starts off the
concept that a template in the flow field is imprinted in the morphology (Holman & Bowen,
1982; Roelvink & Stive, 1989), and recently more focus has been given to the "self-
organizational” theory, that is based on the concept that bars are formed due to the coupling
between flow and topography (Damgaard Christensen et al., 1994; Falqués et al., 2000;
Caballeria et al., 2002; Ribas et al., 2003).

Perturbations in the topography cause modifications of the incident wave field, i.e.
differential wave breaking over troughs and shoals, (bed-surf interaction) and produce
gradients and deflection of the longshore current (bed-flow interaction) that may lead to the
growth of rhythmic features, such as nearshore oblique sand bars (Caballeria et al., 2002;
Ribas et al., 2003; Garnier et al., 2006).

Tides and winds are also important forcings, acting as a modifier of this flow field,
e.g., due to changes in the water level (tidal cycle, wind set-up/set-down), adding additional
longshore current vectors, or due to the effect of winds on wave breaking (Wijnberg & Kroon,
2002). Tides are especially relevant for intertidal bars, as the currents induced by the filling
and emptying of trough features during a tidal cycle may have a significant impact in the
sediment transport and consequently on the development of the bars (Masselink et al., 2006).
Intertidal bar development is common along active recurved spits due to the decrease in the
longshore sediment transport and consequent sedimentation in this area (Hine, 1979).

The sand bars are very dynamic, and their shape, amplitude and position can change
in response to hydrodynamic conditions. However, this response will depend on the
antecedent morphology, the duration of the hydrodynamic forcings and the response time of
the morphological system (Smit et al., 2012). Although the link between hydrodynamic, local
geological settings and bar morphology is very complex, several attempts were made to
classify and relate the bar state to present hydrodynamic conditions. Some of these indicators

are explained in the next section.

10 Assessment of the variables influencing sediment transport at the Sand Motor
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2.3.1 Classification of bar state

A classification for the different states of the bar system is proposed by Wright & Short
(1984), where two extreme states are identified: during persistent highly energetic conditions,
a dissipative state is found, with very mild slopes, finer sediments, wide and multi-barred surf
zones, where alongshore irregularities are rarely present. On the other end is the reflective
state, with a very steep profile, coarser sediments and a narrow surf zone with surging or
collapsing breakers, and frequent presence of highly rhythmic beach cusps. Three-
dimensional features, like oblique bars, crescentic bars, rip channels and megacusps are
characteristic of intermediate beach states where dissipative and reflective elements coexist
(Wright & Short, 1984). The authors divided the intermediate stages in four main types that
vary between a more dissipative and a more reflective domain (Figure 2.6): "longshore bar
and trough", "rhythmic bar and beach", "transverse bar and beaches" and "ridge and runnel or
low tide terrace".

An indicator of the morphodynamic state is the dimensionless fall velocity (Wright &
Short, 1984):

Q=—>> 3.1

where H, is the wave height at breaking, T is the wave period and W, is the

sediment fall velocity. High values of QO (> 6), representative of higher waves, correspond to

a dissipative state, while low values indicate a reflective state (£2<1). The intermediate
states lie between the two extremes (1< Q< 6).

As discussed before the sand bars are very dynamic and the beach is constantly
moving through a series of beach states. Normally, downstate transitions (from a more
dissipative to a more reflective state) are gradual and the bars pass through each of the
intermediate states in a period of several days to weeks (Van Enckevort & Ruessink, 2003;
Van Enckevort et al., 2004; Price & Ruessink, 2011), on the other hand, upstate transitions
are generally abrupt due to the fast offshore movement of sediments associated with high
wave energy, this can lead to a change to a higher state within hours (Van Enckevort &
Ruessink, 2003; Ranasinghe et al., 2004).

In order to analyze the relationship between offshore wave conditions and the

changes in the bar state, Price & Ruessink (2011) related the state transitions with the wave

power (P ), which includes H_ . and Tp, important parameters for the bar development:

S

Assessment of the variables influencing sediment transport at the Sand Motor 11
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2
P= gzg H2. T, 3.2
T

where p is the water density (1025kg /m?®), H,,. is the root mean square wave

S

height and Tp is the peak period.

The wave direction is incorporated by analyzing the alongshore component of the

wave power (Py), which represents the wave power available for alongshore sediment

transport.

Py =Psin&cosd 3.3

where @ is the relative wave angle of incidence.

Their results show that not only the wave energy determines the bar morphological
development but that the wave angle of incidence plays a crucial role. The findings show that
the development of three-dimensional features, i.e. crescentic patterns, is not restricted to
low-energetic periods, occurring also during highly energetic events with shore-normally
incident waves. In the same way bar straightening happens even during low-energy
conditions when under oblique wave incidence, where a sufficiently powerful alongshore

current may gradually create a continuous trough, leading to a more alongshore uniform bar.

12 Assessment of the variables influencing sediment transport at the Sand Motor
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Figure 2.6: Three-dimensional sequence of the different bar system types proposed by Wright & Short (1984),
characterizing each morphodynamic stage from dissipative, intermediate, to reflective domains. From:

Benedet et al. (2004).
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The Sand Motor

The Sand Motor is a hook-shaped peninsula of around 128 ha of surface and a
volume of 21.5 Mm® of sand built in the Delfland Coast in 2011 (Figure 3.1). It is expected
that during the next 20 years the sediment will spread around the coast due to natural
processes. The Delfland coast is the southern part of the Holland coast and extends from
Hoek van Holland to Scheveningen (Figure 1.1). The coastline is characterized by an almost
uninterrupted dune row, oriented SW-NE, and the hydrodynamic conditions show almost no
variation along the coast. An overview of the hydrodynamics of the study area is presented in

the next section.

Figure 3.1: Aerial photography of the Sand Motor soon after the construction in July 2011
(http://www.flickr.com/photos/zandmotor).

Hydrodynamics of study area

3.1.1 Tide

The Delfland coast has an asymmetrical semi-diurnal tide with dominant M2
component. The average amplitude during spring tide is around 2.0 m and during neap tide
around 1.5 m (Scheveningen station, location on Figure 3.2). Analysis of an one-year tidal
record on Scheveningen show an amplitude of 0.77 m for the M2 component and 0.21 m for

the higher harmonic M4, the second most important component.

14 Assessment of the variables influencing sediment transport at the Sand Motor
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The asymmetry of the tide is very well pronounced and, on average, the falling period
is almost twice the rising period (8:04 hours against 4:21 hours at Scheveningen). This
asymmetry also reflects on the horizontal tide, and the flood currents are generally stronger
than the ebb currents. As the tidal wave propagates along the coast to the north a northward
current associated with the flood tide and a southward current associated with the ebb tide
are observed. In the Dutch coast the maximum flood and ebb current velocities occur around

high and low water respectively (Bosboom & Stive, 2012).
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Figure 3.2: Location of the Sand Motor and the different survey stations: Europlatform and 1IJmuiden (wind and
wave data) and Hoek van Holland and Scheveningen (tidal records).

3.1.2 Wind

Time series of wind speed and direction were analyzed for two stations near the
Delfland coast. One is located south of the Sand Motor and more offshore (Europlatform -
EUR), with data from 1983 to 2013 and the other is located to the north and in a shallower
area (IJmuiden Munitiestortplaats - YM6), with measurements from 1981 to 2013 (data from
the Royal Netherlands Meteorological Institute, location of the stations on Figure 3.2).

The main direction of the wind in the area is from southwest (Figure 3.3),
approximately parallel to the coast, and when persisting for some time the wind can generate
a longshore current due to the shear stress exerted on the sea surface. This current will be

Assessment of the variables influencing sediment transport at the Sand Motor 15
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more significant in the first layers, with a logarithmic decrease towards the bottom and its
speed will depend on the wind direction. Notwithstanding, the most significant contribution of

the wind is on the local generation of waves and water level set-up.
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Figure 3.3: Relative frequency of occurrence of different wind conditions for the Delfland coast, based on data from
stations Europlatform (EUR) and IJmuiden (YM6) between 1983 and 2013. The red circle indicates the
location of the Sand Motor.

3.1.3 Waves

The average wave climate along the Delfland coast is dominated by waves from
southwest and north-northwest (Figure 3.4). Due to the configuration of the North Sea, the
north-northwest waves are generally swell waves and the southwest waves are locally wind-
generated waves. Wave conditions show small longshore variations along the coast (van de
Rest, 2004; Tonnon et al., 2009). The differences in wave direction measured in the two
stations are probably due to depth-induced refraction, with wave angles more normal to the
shoreline for shallower depths. Europlatform station is located at a water depth of 32 meters

and IIJmuiden Munitiestortplaats at 21 meters, thus recording waves more perpendicular to
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the shoreline. A seasonal variation in the wave heights is observed, with higher waves

occurring during the winter (Figure 3.5).
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Figure 3.4: Relative frequency of occurrence of different wave conditions for the Delfland coast, based on data
from stations Europlatform (EUR) and IJmuiden (YM6) between 1979 and 2013, stations are located at 32
m and 21 m water depth, respectively. The red circle indicates the location of the Sand Motor.
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Figure 3.5: Monthly average wave height at Europlatform (EURO) and IJmuiden (YM6) stations for the period of
1979-2013. Location of the stations is shown on Figure 3.2
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3.2 Effects of the Sand Motor on the hydro- and morphodynamics

The Sand Motor is an innovative project and the processes acting in the area and the
impacts of its construction are still widely unknown. Most of the investigation is focused on the
long term development of the peninsula and the results are mainly based on numerical
simulations (Mulder & Tonnon, 2010; Pekkeriet, 2011; Schlooz, 2012).

Pekkeriet (2011) performed simulations of the Delfland coast using Delft3D, with and
without the Sand Motor, and found that the peninsula induces a local contraction of the tidal
flow, increasing the velocities from 0.5 to 0.9 m/s during flood tide, with even larger values
when the current coincides with wave-induced currents from southwest. Simulations also
show an eddy formation due to flow separation at the sides of the Sand Motor (nhortheast side
during flood tide and southwest side during ebb tide, figure 3.6). The curvature of the
coastline also leads to the formation of rip currents in the south end of the Sand Motor
(Schlooz, 2012).
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Figure 3.6: Modelled tidal currents near the sand-engine, indicating the flow contraction during rising tide. Right
panels show the water level elevation and the corresponding velocities at 50 and 150m from the coastline,
marked by the green circles. From Pekkeriet (2011).

No changes were observed in the direction of the net longshore sediment transport,
that continues to be northeast directed, but the transport is no longer uniform along the coast.
The highest transport rates were found near the head of the Sand Motor due to the flow
contraction in this area with a change in direction at the tip of the hook, where the transport is
directed to the coast (Figure 3.7). As the feature grows towards the adjacent coast a tidal inlet

is formed and strong tidal currents occur, similar to what was observed in the Ameland Bornrif
(Achete, 2011).
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Pekkeriet (2011) found that the annual variations in the wave climate can have
significant influence on the morphodynamic response of the feature. The wave conditions will
define the pattern of wave-driven longshore currents and therefore the sediment transport
rates and spots of erosion or accretion.
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Figure 3.7: Average annual alongshore sediment transport, over five years of simulation. Bathymetric contours
represent the bottom after five years morphological development. From Pekkeriet (2011).

Field observations

3.3.1 Monitoring program

Since the completion of the Sand Motor, a monitoring program has been taking place
collecting information regarding meteorological conditions, hydrodynamics, morphological
evolution, ecology and dune behavior. The program includes measurements of bottom
topography, waves, currents, water quality, sediment composition, among other parameters.

Monthly bottom topography surveys were performed since the construction of the
Sand Motor from -10 m NAP up to the dune foot. Measurements at the submerged area were
made by a Personal Water Craft (PWC) with a Hydrobox Single Beam Echo Sounder and the
emerged part of the beach was surveyed with a 4WD vehicle equipped with a RTK GPS.
Areas not reachable by those methods were measured using RTK GPS attached to a
wheelbarrow (Schlooz, 2012).
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3.4 Evolution of the sand bar system at the Sand Motor

Since the construction of the Sand Motor different behavior of the sand bar system
has been observed. Figures 3.8 and 3.9 show the morphological evolution of the Sand Motor
between August 2011 and April 2013 based on measured bottom topography in ten different
surveys. During this period seventeen topographic surveys were performed and the complete
sequence of bathymetric maps can be found in Appendix A.

The Sand Motor can be roughly divided in three main regions with contrasting
responses: the southern side, oriented SSW-NNE, the head with approximately the same
orientation as the original coastline (SW-NE) and the northern end, that showed the largest
changes in shape, with orientation varying from NW-SE (Aug 2011) to WSW-ENE in the last
surveys.

The initial survey, held soon after the construction (Aug 2011), already shows the
presence of sand bars, being more uniform and defined at the southwestern end. During the
next surveys (Sep to Nov 2011) the sand bars become wider and three-dimensional features
appear. Crescentic and obliqgue sand bars and rip channels develop and cusps connecting
the bars to the shoreline become more evident. The longshore length of the sand bars was
approximately 200 - 250 meters and the spacing between them varied from 80 - 160 meters,
the bars are located approximately 100 meters from the shoreline at -2 meters water depth.
During this period the predominant wave directions are from west and west-southwest and
there is a progressive increase in the wave height until the survey in October. This survey is
followed by a period of relatively mild conditions and a wide range of wave directions.
Therefore the bathymetry in November 2011 shows almost no changes, only a reinforcement
of the already existent oblique bars.

The period between December 2011 and January 2012 is marked by highly energetic
conditions and significant morphological changes occur but the oblique bars are still present
on December. In the survey of January 2012 the bar at the southeastern end becomes two-
dimensional again, condition that persists for the rest of the surveys (last survey analyzed is
from December 2012). A significant accumulation of sediments is observed at the tip of the
head of the Sand Motor, forming a finger-like feature that extends away from the coastline
followed by a sand bar that continues approximately shore-parallel.

From January to May 2012 this feature bends towards the coast and migrates
onshore, becoming an intertidal bar and finally attaching to the coastline. Except for a storm
event on 19th January, two days after the January survey, this period is dominated by mild
conditions, with predominant wave direction from northwest. It is expected that shore-normal,

low waves lead to onshore migration of sand bars.
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From May until October 2012 the contribution of oblique waves from west-southwest
increases, the feature, then, migrates alongshore and cuspate features develop along the
northern end of the Sand Motor. These features disappear in the last survey, when they seem
to have merged to the coastline and a new uniform shore-parallel sand bar developed. At the
head of the Sand Motor quasi-regular oblique sand bars are observed. The period is marked
by energetic wave conditions that could have lead to a more uniform sand bar, however post-
storm conditions dominate the days prior to the survey and could have triggered the formation
of oblique sand bars. Those bars are still present in the following surveys, with small
variations on the position and shape of the features. On March 2013 the bars slightly migrate
northward and on April 2013 the migration was southward and onshore.

In general the sand bar at the southern end was alongshore uniform during most of
the time, with exception of the first surveys. The northern end has a very complex geometry
and the behavior of the bar was quite variable in time. In the last surveys, when the coastline
acquire a more alongshore uniform shape the bars are more well defined, characterized as
rhythmic bar and beach state (Figure 2.6).

At the head of the Sand Motor oblique sand bars were observed during very energetic
periods, merging to the coastline or dissipating under mild condition, in contrast to what is

expected. Possible reasons for this behavior are discussed in the next section.
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Figure 3.8: Bottom topography at the Sand Motor in different surveys (oldest to most recent from top to bottom).
Wave roses represent the conditions between the subsequent surveys for waves higher than 1.5 m.
Dashed circles mark the 20% line. Significant wave height classes (0.5 m interval) are indicated by the
colors (from white to black).
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Figure 3.9: Bottom topography at the Sand Motor in different surveys (oldest to most recent from top to bottom).
Wave roses represent the conditions between the subsequent surveys for waves higher than 1.5 m.
Dashed circles mark the 20% line. Significant wave height classes (0.5 m interval) are indicated by the
colors (from white to black).
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3.4.1 Potential bar state transitions at the Sand Motor

Sediment characteristics and hydrodynamic conditions corresponding to the studied
period were used to calculate the dimensionless fall velocity (Equation 3.1) in order to relate
hydrodynamic conditions with the bar state. The Q parameter is highly dependent on the
sediment settling velocity and therefore on the grain size. The sediment used in the
construction of the Sand Motor had a median diameter (D50) of about 215 um, therefore high
values of Q were found, indicating that dissipative conditions would be dominant during most
of the studied period (August 2011 to December 2012).

Three-dimensional features, such as sand bars and rip channels are normally present
during intermediate conditions (1< < 6). Commonly a morphological reset occurs during
storms (Q=7-10 or higher) and bars migrate downstate again (towards intermediate
states) after the peak of the storm in the following 1 - 3 days (Falqués et al., 2008). Thereby,
considering the relation between grain size and hydrodynamics conditions at the Sand Motor
the presence of sand bars is expected to be more episodic, nevertheless, oblique sand bars
and other features, such as megacusps and rip channels, were always present and seemed
to persist between the topographic surveys (Figures 3.8 and 3.9). Even though the wave
conditions just before the surveys were favorable to the formation of such features (post-
storm or intermediate conditions) it is unlike that a complete reset event had taken place as
the position of the sand bars was always related to the previous topography. Even during the
period between November 2011 and January 2012, dominated by highly energetic conditions,
the past morphology seems to have had an effect in the subsequent bathymetry.

An investigation of the sediment size distribution held in February 2013 found coarser
sediment around the area, especially at the head of the Sand Motor, where the D50
increased to about 350 uym. The values of Q calculated for the new sediment size are
considerably smaller than for a sediment of 215 ym and suggest a dominance of intermediate
conditions, that is more in accordance with the observations. Notwithstanding, sand bars
were already present during the first surveys, when the sediment size was most probably
similar to the initial one and other factors should be considered.
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Figure 3.10: Dimensionless fall velocity (Q) calculated for different grain sizes. Gray lines indicate Q > 7, when a
morphological reset is expected. The dashed lines show the threshold between different bar states:
dissipative (D), intermediate (I) and reflective (R). Vertical red lines mark the times of the topographic
surveys. The upper panel shows the offshore significant wave height. For the calculation, the breaking
wave height (Hp) was considered to be 0.8Hs.

Although the threshold between bar states was derived based on different types of
beaches (Wright & Short, 1984), the values can differ between different sites. The crescentic

bars at Noordwijk (The Netherlands), for instance, do not show a clear pattern of generation,

growth and decay in response to offshore wave conditions. Even heavy storms (H, ., ~4.5m

, Q~20) did not result in a total morphological reset (Van Enckevort et al., 2004). One
possible explanation is the longer morphodynamic timescale in comparison to the time scale
of weather variability, that could be attributed to a different tidal range or to a smaller mean
wave period when compared to other sites (Van Enckevort et al., 2004; Falqués et al., 2008).
This could also be the case of the Sand Motor, where conditions are very similar to Noordwijk
(both areas are located in the very uniform Holland coast, Figure 1.1). In addition, Smit et al.
(2012) found that the antecedent morphology plays a crucial role in the development of the
sand bars with the level of morphological variability controlling the response of the system to
the new hydrodynamic conditions. Hence, a more distinctly developed bathymetry will hardly
adjust to the changed hydrodynamic conditions and sometimes the flow pattern even
reinforces the existing bathymetry, preventing the system to change to a new configuration. It
is also important to remark that the Q parameter was proposed for straight beaches, that is
not the case of the Sand Motor where the curvature is significant.

Assessment of the variables influencing sediment transport at the Sand Motor 25



]
TUDelft

19 June 2013

3.5 Morphological evolution of the Sand Motor

The Sand Motor is a dynamic feature and its morphological characteristics are
constantly changing. This change can affect how the sediment will be spread along the coast
as the longshore sediment transport rates are influenced by such characteristics. It is
expected that the rate of development of the Sand Motor will vary in time, not only with
varying hydrodynamic conditions but also due to the changes in morphology. This Chapter
describes the morphological evolution of the Sand Motor during the first 1.5 year of
development, with focus on the curvature and sediment size.

The Sand Motor was built with a very distinct hook-shape and during the first year of
development it became a smoother salient-like feature (Figure 3.11). Sharp edges were
rapidly eroded due to the strong currents in this area and sediment was deposited where
there is a reduction of the flow velocities. The nearshore profile also became more gentle
(Figure 3.12).
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Figure 3.11: Initial coastline of the Sand Motor in August 2011 (blue line) and its position on December 2012.
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Figure 3.12 Beach profile at different stages of the Sand Motor.
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Studies for the construction of the Sand Motor were based in morphological
simulations using a uniform median sediment size of 215 um, typical of the Delfland coast
(Tonnon et al., 2009; EIA, 2010; Mulder & Tonnon, 2010). However, in practice the available
sediment in the borrow areas has different grain sizes and it is not uniform.

A survey held in February 2013 found significantly coarser sediments at the head of
the Sand Motor (Dso ~ 340 ym) with a reduction of the grain size towards the northern area
(Figure 3.13). A possible explanation is the selective erosion, also known as winnowing, as
fine material is naturally removed from a coarser sediment. This process can improve the
sorting and increase the median sediment size. However, in case of poorly sorted sediment
bed armoring can occur, when a top layer of coarser material remains after the finer material
is washed out and prevents the movement of the underlying smaller particles.

There is also significant spatial variability in the sediment size distribution that can be
relevant for the sediment transport rates. Details of the sediment distribution in the area and
its impact in the morphological development are discussed in the work of Sirks (2013). Herein
attention is given in the influence of this sediment coarsening in the sediment transport rates

and consequently its effects on the long term development of the Sand Motor.
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Figure 3.13: Median sediment size (D50) at different transects along the Sand Motor. Blue squares are the
average D50 of all the samples from each transect (red points in the lower panel) and the black lines show
the standard deviation between the samples. Note the coarser sediment at the head of the Sand Motor.
Details of the sediment analysis are presented in the work of Sirks (2013).
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As the sediment is eroded and carried along the coast, the coastline at the head of
the Sand Motor retreats while a local progradation of the coast is observed at the edges. The
rate of retreat varies in time with the hydrodynamic conditions, as increasing wave energy
leads to higher sediment transport rates and therefore, larger erosion rates. Figure 3.14
shows the retreat rate of different depth contours and the average significant wave height at
that period. It can be seen that the retreat is highly related to the wave height, especially at
very shallow depths (i.e. intertidal area). Figure 3.15 shows the correlation coefficient
between the average significant wave height and the retreat rate per depth contour. Due to
the presence of the sand bars the correlation coefficient decreases between the -1 meter and
-3 meters depth contours, increasing again where the contours are more uniform. At areas
deeper than -7 meters the correlation decreases significantly as the waves have very low

influence in this area.
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Figure 3.14: Average retreat of different depth contours at the head of the Sand Motor during the first 1.5 year of
development. Values were obtained from the difference in average coastline position between the surveys.
The black dashed lines show the zero retreat rate for each of the contours. Negative values indicate
progradation. Lower panel shows the average significant wave height in the period between the surveys.
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Figure 3.15: Correlation coefficient between average significant wave height and retreat rate per depth contour.
The decrease until -3-depth contour is attributed to the high variability of the contours in this area due to the
presence of the sand bars.
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Numerical model

In order to better understand the processes controlling sediment transport and bar
dynamics at the head of the Sand Motor, different scenarios were simulated using Delft3D, a
robust process-based numerical model which can be applied in different coastal
environments, including complex geomorphological features as spits (Dan et al., 2011). A

brief model description is made on Section 4.1.

Model description

Delft3D is a process-based numerical model suite. It is composed of different modules
that can compute the hydrodynamics, waves, sediment transport, morphology, water quality
and ecology. The base of the model is the hydrodynamic module, Delft3D-FLOW, that solves
the unsteady shallow water equations in two (depth-averaged) or three dimensions, these
include the horizontal momentum equations, continuity equation, transport equation and a
turbulence closure model (Lesser et al., 2004).

Waves are simulated by the Delft3D-WAVE module that is based on the spectral
wave model SWAN (Simulating WAves Nearshore), which computes the evolution of random
short-crested wind-generated waves in coastal areas. This module can be coupled with the
FLOW module through a dynamic interaction, where the output of each module is used as an
input on the other, accounting for the effects of waves on currents and the effect of flow on
waves.

The sediment transport is calculated using one of the many available sediment
transport equations. Hereafter, the gradients on the transport rates together with sediment
sources and sinks are used to calculate the bed level changes. The bathymetry is then
updated for the calculations in the next time step. As these morphological changes have
much longer time scales compared to the hydrodynamics and transport processes, in order to
allow long-term, faster simulations, the bed changes are multiplied by a morphological time
scale factor (MORFAC) before being incorporated to the next hydrodynamic step (Lesser et
al., 2004; Roelvink, 2006; Ranasinghe et al., 2011).

Delft3D-FLOW solves the partial differential equations by finite differences numerical
method, thus the computational domain needs to be discretized in grid cells, these grids can
be rectangular or curvilinear. The initial bathymetry (from the topographic survey) is then used
to define the water depth at each grid point. For Delft3D-WAVE the grid should comprise a
larger domain than the FLOW domain as the wave field is disturbed near open boundaries

due to an import of zero energy from these boundaries (Deltares, 2011b).
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The model domain is defined by closed polygons that specify the boundaries of the
model area (computational grid enclosure). These boundaries can be closed, due to the
presence of a coastline for instance, or open across the flow field. The latter is an artificial
boundary chosen to limit the computational area and at these boundaries the water level, the
normal velocity component or a combination of the two should be prescribed to get a well-

posed mathematical initial-boundary value problem (Deltares, 2011a).

Model settings

4.2.1 Parameters

The hydrodynamic model used in this study is depth-averaged, as three-dimensional
simulations can be extremely computational expensive, especially for a model with a large

area and high resolution, as is the case of the Sand Motor model.

The choice is justified because although oblique sand bars are three-dimensional
features the importance of two-and three-dimensional changes (i.e. alongshore uniform
cross-shore movement versus non-homogeneities in the longshore current) depends on the
time-scale of interest. In the short term (days - weeks), bar dynamics seem to be driven
essentially by alongshore variability while in longer time-scales (seasons - years) the relative
importance of two-dimensional movement increases (Ruessink et al., 2000; Ribas et al.,
2003). In the present work the focus is on the short-term dynamics of sand bars (weeks) thus

two-dimensional simulations can be performed.

An important aspect of numerical models is the time step, as it can determine how the
model solution converges to the exact solution. A criteria for convergence is the CFL
condition:

CFL=££ﬂ£i<1o 5.1
{Ax, Ay}

where At is the time step, g is the acceleration of gravity, H is the total water depth
and Ax and Ay are characteristic values of the grid spacing in X - and Y -direction (Deltares,

2011a). In order to find a balance between accuracy and computational effort, different time
steps were tested and a value of 9 seconds was chosen. This value satisfies the CFL
condition for most of the simulations, but is above the threshold in the simulations with a very

refined grid (Section 4.2.2). However, results for the different time steps tested in this case (3,
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6 and 9 seconds) showed very small differences, therefore 9 seconds was used for all the

simulations.

The model works in online mode, where there is a direct coupling between Delft3D-
FLOW and WAVE. The communication between the models is done every 15 minutes, when
a new WAVE simulation is performed with results from the FLOW model. The FLOW then
resumes, using the latest WAVE results.

The sediment transport formulation used in the model was the TRANSPOR2004 (van
Rijn & Walstra, 2003; van Rijn et al., 2004) that is a combination between the original
TRANSPOR1993 (Van Rijn, 1993), its successor TRANSPOR2000 (van Rijn, 2000) and new

approximation formulations (van Rijn, 2002).

4.2.2 Model grids

Two computational grids were imposed in the Sand Motor model. The model grid
applied in the Delft3D-FLOW module is a curvilinear grid comprising the Delfland coast,
extending 9.4 kilometers in alongshore direction and 4 kilometers in offshore direction until
the -15m NAP depth contour. The grid has a higher resolution near the Sand Motor (of about
30 by 30 meters), gradually decreasing towards the boundaries, where the grid cell size is
approximately 100 by 100 meters. For some of the simulations a refinement was applied at
the head of the Sand Motor and the grid resolution over the sand bars was in the order of 7
by 7 meters.

For the Delft3D-WAVE module two nested computation grids were used: the finer grid
is the same used in the Delft3D-FLOW module and it is nested to a coarser and larger grid
(Figure 4.1). When using nested grids the Delft3D-WAVE module performs first the coarse

grid computations and then uses the results to define boundary conditions for the finer grid.
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Figure 4.1: On the left, coarse computational grid and bathymetry used in the Delft3D-WAVE module, on the right
the Delft3D-FLOW domain and the bathymetry used in scenario 2 from December 2011 (section 4.3). The
colored dots indicate the locations of the different measuring stations.

4.2.3 Initial and boundary conditions

Initial conditions of water level and sediment concentration were defined as zero over
the entire domain. These conditions generate a transient solution of waves with eigen
frequencies of the model domain that is damped by bottom friction and viscosity terms. The
damping of the transient solution determines the spin-up time of the model. In the case of the
Sand Motor model this time was about 6 hours (2400 time steps).

The seaward boundary conditions of the FLOW domain are defined by a time- and
space-varying water level, representing a propagating tidal wave. The boundary was divided
in 12 sections and harmonic components of the tidal wave are imposed in each of the
sections with a delay. These values have been obtained from larger scale models covering
the North Sea. At the cross-shore boundaries Neumann conditions are applied, thus the
alongshore water level gradients at the boundaries are calculated based on the conditions at
the seaward boundary. This avoids the development of boundary disturbances due to
differences between the cross-shore distribution of velocity and water level resulting from the
calculations and the conditions at the boundaries as these conditions are directed based on
the model results.

Time series of wind and wave data were obtained from Europlaform station (Figure
3.2) and used as a time-varying boundary condition in the WAVE module. The conditions
were prescribed by means of a wavecon file that indicates the significant wave height, peak

period, wave direction, directional spreading, additional water level, wind speed and direction

at specific time steps. The peak period was assumed as 1.25T

mean ?

the directional spreading
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is expressed by means of cosine power (M) and the default value of 4 was used. For the
additional water level, the storm surge was calculated by subtracting the harmonic tide from

the measured water level.

Hindcast of hydrodynamic events

Time-varying hydrodynamic conditions, in contrast with time invariant wave forcing,
seem to be determinant for the evolution of the sand bar system (Castelle & Ruessink, 2011,
Smit et al.,, 2012). The use of mean wave conditions would lead to a sand bar behavior
different than the observed in the field, therefore actual time-varying conditions should be
used as model input.

Comparing the impact of different hydrodynamic conditions in the sediment transport
and erosion rates in the Sand Motor, Man (2012) concluded that on the short term (i.e. period
of a month), the most significant morphological impact is caused by hydrodynamic events
with a minimum significant wave height of 1.1 meter with a peak of at least 2.5 - 3 meters (in
spring tide) and a minimal duration of 60 hours. Following this criteria, some hydrodynamic
events with different wave conditions were selected to be used as input in the model. Table
4.1 presents a summary of the wave conditions of each of the selected scenarios and an
explanation for the selection of each scenario is given hereafter. The complete time series
used in each of the simulations can be found in Appendix B. The results of these simulations

are presented in Chapter 5.

Table 4.1: Overview of the simulated scenarios.

Scenario Max Hs Direction Max Tmean Duration Bathymetry
1. Oblique wave 41m 217° - 256° 8.4s 3.8 days Sep 2011
incidence
2. Highly
energetic 51m 220° - 340° 89s 4.3 days Dec 2011
conditions
3. Normal wave 3.9m 242° - 325° 8.0s 3.9 days Jan 2012
incidence
4. Northern 42m 264°- 17° 8.4s 3.2 days Oct 2012
waves

4.3.1 Scenario 1: Very oblique wave incidence (southwest waves)

Between September and October of 2011 waves were predominantly from southwest,
especially during more energetic conditions (Hs > 3 m). This induces high sediment transport

rates and can have a significant impact on the formation of finger-like features at the head of
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the Sand Motor. High angle waves can also generate instabilities in the coastline, leading to
the formation of transverse sand bars (Thiébot et al., 2012) or growth of other features as
spits and undulations (Ashton & Murray, 2006).

During this period 4 storm events can be identified with significant wave height peaks
of approximately 4.0 meters and duration of 3 days. 3 of the events were characterized by
high angle waves (SW), while the other shows a large change in wave direction (from SW to
N/NW). Simulation was based on the first of the 3 high angle events, that comprised the
period from 5th to 8th of September. Wave characteristics of the event are shown in Table
4.1.

4.3.2 Scenario 2: Highly energetic conditions

The period between December 2011 and January 2012 was characterized by very
energetic conditions, hence large variations in the bottom topography are observed between
the two surveys, and a pronounced sediment accumulation at the northern end of the
peninsula is observed. It is expected that storm events lead to a morphological reset of the
sand bars and a more uniform coastline. However, the response of the morphology to the
wave conditions is also dependent on the wave angle of incidence.

The selected storm event had a duration of 4 days and it seems to be a combination
of 2 storm events, as the wave direction changed from southwest to north/northwest and 2
peaks in the wave height time series were present. The significant wave height in the peaks
of the storm is about 5.0 meters and the time gap between the peaks is about 2 days.

This simulation was chosen in order to gain insight in the role of the different wave
directions in the sediment transport patterns and also in the impact of the more energetic
conditions in the development of the Sand Motor.

4.3.3 Scenario 3: Normal wave incidence

A change in wave conditions is observed after the January 2012 survey: there is a
reduction in wave height and an increasing contribution of northwestern waves that approach
normal to the coastline. The bar formed during January starts to bend and migrate onshore.
At the head of the Sand Motor three-dimensional features, i.e. salients behind the bars, rip
channels and megacusps, are well defined. A storm event occurring a few days after the
January survey with waves coming from the west/northwest sector was simulated to give

insight in the role of normal incident waves in shaping the previously mentioned features.
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4.3.4 Scenario 4: Northern waves

In the December 2012 survey well-defined features were observed, consisting of
guasi alongshore uniform bars on both ends of the Sand Motor, and transverse oblique bars
at the head. The offshore end of the bars is shifted towards southwest with respect to the
shore attachment. The preceding period is marked by high waves, mostly coming from
north/northwest directions. An event, lasting for 3 days, with changing wave direction (from
west to north) was simulated in order to investigate conditions for formation of oblique bars

either up-current (west waves) or down-current oriented (north waves).

Schematized scenarios

Although the variability of hydrodynamic conditions is essential to understand the
morphological behavior of sand bars and other features, the use of real conditions is not
practical to investigate the role of the different mechanisms separately, as the response of the
model is already a product of the superposition and interaction of all the processes. In
addition, each case has its own particularities making the comparison between them rather
troublesome.

In order to counteract this complexity, schematized scenarios were simulated, in
which the different factors driving sediment transport were investigated. The variables
analyzed in this work were the tide, the curvature of the coastline and the sediment size.
Results of these simulations are discussed in Chapter 6.

441 Tide

A schematized reference scenario was simulated with the same setup of the previous
simulations but with steady wave conditions: Hs = 3 m, T, = 7 s and direction = 225°. In order
to investigate the influence of the tide on the longshore sediment transport rates, simulations
of the same scenario were performed with constant and uniform boundary conditions, instead
of the time- and space-varying water level explained in section 4.2.3. Thus the propagating
tidal wave is not represented in the model, and consequently tidal currents are absent as well
as the vertical tidal movement. The effect of the water level in the sediment transport patterns
is then analyzed separately by assuming a constant water level corresponding to four instants
of the tidal cycle: maximum flood velocities (reference level: z0 = +1.42 m), maximum ebb
velocities (z0 = -0.55 m), high tide (+1.52 m) and low tide (-0.73 m, Figure 4.2). The results of

these simulations and the comparison with the reference scenario are shown in Section 6.1.
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Figure 4.2: Water level and depth average velocity at 14 meters water depth of the reference scenario. Red circles
indicate the instants reproduced in the simulations without tide.

4.4.2 Curvature of the coastline

In order to analyze the effect of the curvature in the long term development of the
Sand Motor, the sediment transport rates for the different bathymetries were calculated for
three different wave conditions, with constant significant wave height and peak period and
varying direction (Table 4.2). Conditions are derived from the real wave climate and were

chosen based on the joint occurrence table of wave height and direction.

Table 4.2: Wave conditions used as input in the different simulations.

Scenario Hs Direction Tmean
1. Very oblique
wave incidence 3.0m 225° 70s
(SW)
2. Oblique wave s
incidence (N) 3.0m 0 70s
3: Nor_mal wave 3.0m 3110 o
incidence
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4.4.3 Sediment size

Simulations were performed for the same initial bathymetry (December 2012) and
constant wave conditions (Hs =3 m, T, = 7 s and direction = 311°, shore normal waves), but
varying the median sediment diameter (Dso). As the sediment transport rates are very
dependent on the choice of the sediment transport formulations, simulations were also carried
out using two other formulae included in Delft3D: van Rijn (1993) and Bijker (1971). Additional
calculations were also made using the bulk sediment transport expression (Equation 5.2)

proposed by Kamphuis (1991).

|, = 2.27H,,*T " (tane,, )™ D% (sin2¢, ) 5.2

where:

|m Immersed mass of sediment [kg/s]

H,, Wave height at breaking [m]

T, Peak period [s]

tan ¢, Beach slope at breaking [-]

D Sediment diameter [mm]

(% Relative wave angle at breaking [°]

The sediment transport rate (S ) is then obtained:

n 5.3

§=-_— m
p(s-1)(A-p)

where:
P Density of the water [kg/ m3]
S Relative density of the sediment O, /p [—]
p Porosity [-]

In the calculation of the sediment transport using the Kamphuis expression, @y is the
relative angle between the incident wave at -11.5 meters depth and the coastline orientation
for each of the transects analyzed. Wave height was also obtained at the same observation

point. The beach slope was calculated between -5 and -10 meters depth.
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Computed flow and sediment transport patterns

Wave-driven longshore current velocities increase with growing wave height and
relative angle of incidence. The curvature of the coastline results in different wave angles
along the coast, thus the longshore current is not uniform. Areas of current amplification or
reduction along the coast, or even changes in the current direction, will depend on the wave
direction. An overview of the general circulation patterns generated by different wave
conditions in the Sand Motor is shown in the work of Man (2012). The following results are
focused on the effects of the irregular bathymetry in the flow, i.e. interaction between sand
bars and longshore current.

Another important remark is that as the coastline is curved, the relative wave angle of
incidence varies in the alongshore direction and the response of each section of the Sand
Motor also changes. In the present work attention is given to the dynamics at the head of the
Sand Motor, that has a general orientation approximately parallel to the original coastline.
Therefore references to wave orientation are normally relative to this stretch of the coast, i.e.
in general "normal incident waves" indicate waves coming from northwest directions.

Exceptions are made when considering specific areas along the Sand Motor.

Flow pattern

Results from scenarios 1 and 2 show that southwest waves, with significant wave
heights of about 4 meters, generate strong northward longshore currents, especially at the tip
of the head of the Sand Motor, at the northernmost end (Figures 5.1 and 5.2). At this point the
current starts to bend following the coastline and decelerates. Inertia also influences the
behavior of the longshore current in this zone and the flow exhibits a little deviation away from
the coast. During flood tide the direction of current is quite uniform along the coast, not
showing deflection due to the presence of the bars. Nevertheless, there is a reduction in the
flow velocities over the troughs, due to mass conservation. In contrast, during ebb tide the
sand bars lead to the meandering of the current, with onshore deflection over the crests and

offshore deflection over the troughs (Figures 5.3 and 5.4).
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Figure 5.1: Depth averaged velocity field induced by southwest waves (230°) and maximum flood tide velocities
based on results of the first scenario, with bathymetry from September 2011, wave height of 3.5 meters
and mean period of 5.9 seconds.
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Figure 5.2: Depth averaged velocity field induced by southwest waves (230°) and maximum flood tide velocities
based on results of the second scenario, with bathymetry from December 2011, wave height of 4.6 meters
and mean period of 6.5 seconds.
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Figure 5.3: Depth averaged velocity field induced by southwest waves (230°) and maximum ebb tide velocities
based on results of the first scenario, with bathymetry from September 2011, wave height of 4.0 meters
and mean period of 6.2 seconds.
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Figure 5.4: Depth averaged velocity field induced by southwest waves (230°) and maximum ebb tide velocities
based on results of the second scenario, with bathymetry from December 2011, wave height of 3.3 meters
and mean period of 5.6 seconds.
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Figure 5.5: Detail of the flow field over the sand bars at the same time step shown on Figure 5.4.

The longshore current driven by normal incident waves (from northwest) splits at the
center of the head of the Sand Motor generating a southward and a northward directed flow
(Figure 5.6). Though, the exact location of this flow divergence depends on the tidal flow.
During ebb tide the divergence occurred over the second bar, while during flood tide this point
was located over the trough between the two bars (Figure 5.7).

Irrespective of the direction of the flow there is a meandering of the longshore current
due to the presence of the bar-trough system. In general the pattern is the same as the one
observed for oblique waves, with offshore deflection over the channels and onshore
deflection over the bars, but these irregularities increase for normal incident waves, when
eddies and rip currents can be observed. This behavior was present during both ebb and
flood tide, unlike the case of very oblique wave incidence. Another interesting aspect is that
during ebb tide the flow splits over the bar, generating an onshore and offshore directed flow

in the center of the bar (Figure 5.7).
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Figure 5.6: Depth averaged velocity field induced by normal incident waves (318°) and maximum ebb tide
velocities. Results are from scenario 2, with bathymetry from December 2011, offshore wave height of 3.2

meters and mean period of 7 seconds.
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Figure 5.7: Detail of the depth averaged velocity field induced by approximately normal incident waves (318° -
331°). Left panel: Maximum ebb velocities. Right panel: Maximum flood velocities.
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The effect of northerly waves differs along the coastline as the relative angle of
incidence varies, being normal-incident with respect to the northern end of the Sand Motor,
but oblique at the head, with the angle increasing towards the southern end. In general the
flow in the surf zone is directed towards the southwest along this area, however at the
northernmost end the flow is directed to the northeast.

The results of scenario 4 show that the flow pattern generated by north waves (~3°)
with significant wave height of about 2.8 meters is more uniform, with some meandering due
to the presence of the bars, along the head of the Sand Motor towards the south end, where
the relative angle of incidence is very high. An increase in the flow irregularities is observed
towards the northern end as the angle of incidence decreases. On the October 2012 survey a
series of megacusps are present at the northern end and the circulation generated by the
northerly waves seems to reinforce those features, with the presence of rip currents.

The water level was found to have strong influence on the flow patterns: during high
tide the strongest currents are found close to the shoreline, while during low tide the highest

velocities occur along the bar.
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Figure 5.8: Depth averaged velocity field induced by northerly waves (3°) and maximum flood tide velocities.
Results are from scenario 4, with bathymetry from October 2012, offshore wave height of 3.2 meters and
mean period of 6.6 seconds. Note that the resolution of the model is different near the coastline and farther
offshore, reason why the vectors are not equally spaced.
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Sediment transport patterns

For waves from southwest to northwest directions the net sediment transport at the
Sand Motor is northward directed and the highest sediment transport rates are found at the
northernmost tip of the head, with a decrease northward of that point (Figure 5.9). This
pattern is inverted in the case of northerly waves and a southward net sediment transport is
observed, with a maximum on the southern tip of the Sand Motor (Figure 5.11). An increase
in transport rates is observed for increasing wave angle and height, as stronger longshore
currents occur for higher waves and larger angles of incidence (up to a maximum around 45°)

and the concentration of suspended sediment increases for increasing wave height.
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Figure 5.9: Sediment transport at the head of the Sand Motor induced by maximum flood tide velocities and
westerly waves (266°), offshore wave height of 2.8 meters and mean period of 5.3 seconds. Results are
from scenario 4, with bathymetry from October 2012.
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Figure 5.10: Sediment transport at the head of the Sand Motor induced by maximum ebb tide velocities and
northerly waves (3°), offshore wave height of 2.7 meters and mean period of 5.4 seconds. Results are from
scenario 4, with bathymetry from October 2012.

The direction of the sediment transport follows the irregularities of the flow patterns.
For very oblique wave incidence there is a an increase of the sediment transport over the
crests and reduction over the troughs, indicating that the troughs would be filled up during
these conditions and the coastline would tend to smooth out, leading to more alongshore
uniform sand bars. During the January 2012 storm very oblique waves probably favored the
longshore elongation of the oblique sand bars, present in December 2011 (Figure 5.11), while
the adjacent channels were filled with sediment. The bars were probably merged, forming the
large accumulation observed in the January 2012 survey. The events of very oblique waves
are also essential for the northward progradation of the Sand Motor, similar to the process of

spit elongation proposed by Petersen et al. (2008).
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Figure 5.11: Sediment transport at the head of the Sand Motor induced by southwest waves (230°) and maximum
flood tide velocities. Results are from scenario 2, with bathymetry from December 2011, offshore wave
height of 4.6 meters and mean period of 6.5 seconds.

For approximately normal incident waves (from northwest) a minimum in the sediment
transport is observed at the head of the Sand Motor, with an intensification away from the
center (Figure 5.12). Higher transport rates are found at the tip of the sand bar at the northern
end, what could lead to the bending of the tip of the 'spit' and onshore migration of the
feature. Those waves also cause an offshore sediment transport driven by the rip currents
that would deepen the rip channels and reinforce the irregularities in the coastline (Figure
5.13). Normal incident waves are essential for the maintenance of the three-dimensionality of
the sand bars, since only during these conditions the sediment transport patterns seem to
amplify the existing features.
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Figure 5.12: Magnitude and direction of the sediment transport at the northern tip of the Sand Motor induced by
northwest waves (318°) and maximum ebb tide velocities. Left panel show the location of the area showed
in the right panel. Results are from scenario 2, with bathymetry from December 2011, offshore wave height
of 4.8 meters and mean period of 7 seconds.
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Figure 5.13: Detail of the sediment transport field at the northern tip of the Sand Motor induced by northwest waves
(318°) and maximum ebb tide velocities (figure 5.12). Left panel show the location of the area showed in
the right panel.
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Conceptual model

A conceptual model of the development of the sand bar system at the Sand Motor
was derived from the previous results. It was found that very oblique waves (from southwest)
lead to the filling of rip channels and consequently to more uniform sand bars. These waves
are also responsible for the northward progradation of the Sand Motor.

With a decrease in the relative wave angle of incidence there is an increase in the
three-dimensionality of the features. Hence, oblique sand bars should occur for waves
coming from west-northwest or north-northeast directions (offshore wave angle of around 15°
- 30°).

Normal waves (from northwest) induce three-dimensional circulation patterns, such as
rip currents, thus reinforcing the presence of rhythmic features. The effect of normal incident
waves on existing bars seems to lead to the growth of salients landward of the bars. These
waves are also responsible for the onshore migration of the bar at the tip of the Sand Motor.

The first period of the Sand Motor was marked by storm events with very oblique
waves (from southwest). These events were probably responsible for the intense erosion of
the head of the Sand Motor and deposition in the northern area (Figure 5.14), leading to a
progradation of the Sand Motor, observed in the October 2011 survey. A moderate storm
event with waves from west to north directions, ten days before the survey could have

triggered the formation of the rhythmic features present in that survey (Figure 5.15).

Figure 5.14: Schematic bathymetry of the Sand Motor on 4th of September 2011 and the conceptual development
under very oblique wave incidence (from southwest). Blue arrows indicate accretion, the black arrow shows
the incident wave angle.
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Figure 5.15: Schematic bathymetry of the Sand Motor on 4th of September 2011 and the conceptual development
under almost normal wave incidence. Blue and red arrows indicate accretion and erosion respectively, the
black arrows show the incident wave angle. Solid lines represent the response for west-northwest waves
and dashed lines represent the response for north-northwest waves.

The period of October and November 2012 had no defined wave direction and wave
heights were relatively low, therefore small bathymetric changes are observed between the
surveys. However, one week before the November 2011 survey there was a three-day event
of constant north waves with significant wave heights of about two meters, possibly
responsible for the development of the oblique sand bars at the head of the Sand Motor
(Figure 5.16). These sand bars are oriented down-current, i.e. the offshore end of the bar is
shifted down-current with respect to the shore attachment. This event could also have caused
elongation and merging of the oblique bars at the southern end as waves approach this

stretch of the coast with high angles.

Figure 5.16: Schematic bathymetry of the Sand Motor on 16th of October 2011 and the conceptual development
for north waves. Blue and red arrows indicate accretion and erosion respectively, the black arrow shows
the incident wave angle. Dashed blue lines show areas where salients are expected to grow.

During the following month several storm events with different wave directions were
present, consequently it is difficult to define a clear model for the development as the
processes may superimpose each other and the order in which they occur may be important.

Moreover, waves were above two meters height during most of the time, thus it was expected
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that these events would lead to a complete reset of the bars. Nevertheless, this does not
seem to be the case as the bars are found in similar locations as the previous survey.

The interval between the December 2011 and the January 2012 surveys was the
shortest during the study time, but large morphological changes took place during these
seventeen days. The period is marked by a long storm event in the beginning of January with
a peak significant wave height of five meters. The event was probably a merging of two
storms, as two peaks with different directions can be observed: the first peak is southwest
directed while the last is north-northwest.

The initial stage of the storm probably causes intense longshore sediment transport
and filling of the rip channels (Figure 5.17). The sand bars at the tip of the Sand Motor
probably migrated northward and merged, forming a large sediment accumulation observed
in the January 2012 survey. With the change in the storm direction the longshore growth is
interrupted and the bar starts to migrate onshore under the influence of northwest waves. The
remaining bars at the head of the Sand Motor will grow and salients are likely to develop
landward of the bars due to the presence of rip currents (Figure 5.18). This can be observed
in the first March 2012 survey.

During the following months, although the wave direction remained from north-

northwest wave heights were much smaller (average H, =1.0 meter), consequently there

was an onshore migration of the features and lastly they welded to the shoreline. Rip

channels became less distinct and a new, linear sand bar started to develop.

Figure 5.17: Schematic bathymetry of the Sand Motor on 31st of December 2011 and the conceptual development
under very oblique wave incidence (from southwest). Blue arrows indicate accretion, the black arrow shows
the incident wave angle.
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Figure 5.18: Schematic bathymetry of the Sand Motor on 17" of January 2012 and the conceptual development for
normal incident waves. Blue and red arrows indicate accretion and erosion respectively, the black arrow
shows the incident wave angle. Dashed blue lines show areas where salients are expected to grow.

After May 2012 there is change in wave direction, with increasing contribution of
southwest waves, thus the development of the Sand Motor during the following months
resembles the one of the initial phase, with northward migration of the undulations and
progradation of the Sand Motor (Figure 5.19). An important difference is that waves were
much smaller during this period, hence the sediment transport rates were also lower. Small
protruding features appear at the tip of the Sand Motor, possibly related to the high wave

angle instability.

P

Figure 5.19: Schematic bathymetry of the Sand Motor on 3rd of May 2012 and the conceptual development under
very oblique wave incidence (from southwest). Blue arrows indicate accretion, the black arrow shows the
incident wave angle.

A progressive increase in wave heights is observed in the following months and two
main storm events characterize the period between October and December 2012: the first
with southwest waves was possibly responsible for the plunging of the small cuspate features
towards the coastline (Figure 5.20); the second event, with waves varying from west to north
directions, could have been responsible for the formation of the oblique sand bars (Figure
5.21). The interaction between the flow generated by oblique waves and the irregularities
present in the bar, with alternating shoals and troughs, can be the mechanism for oblique

sand bar formation (Ribas et al., 2003). Notwithstanding, oblique bars are expected to form
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under less energetic and more steady wave conditions, which was hardly observed during
this period.

Figure 5.20: Schematic bathymetry of the Sand Motor on 11th of October 2012 and the conceptual development
for southwest waves. Blue arrows indicate accretion, the black arrow shows the incident wave angle.

Figure 5.21: Schematic bathymetry of the Sand Motor on 11th of October 2012 and the conceptual development
for northwest/north waves. Blue and red arrows indicate accretion and erosion respectively, the black arrow
shows the incident wave angle. Dashed blue lines show areas where salients are expected to grow.

The survey of December 2012 shows very well defined oblique sand bars at the head
of the Sand Motor, and shore-parallel linear bars in both ends (Figure 5.22). Wave conditions
during the month after the survey are dominated by southwest waves, that would lead to
more alongshore uniform bars, however those features are still present in the following
surveys in approximately the same location (March and April 2013, Figure 5.23). There is a
northward migration of the bars between December 2012 and March 2013, but the shape of
the feature remains similar. In the following survey (April 2013) a southward and landward
migration of the bars was observed (Figures 5.23 and 5.24).
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Figure 5.22: Schematic bathymetry of the Sand Motor on 19th of December 2012 and the conceptual development
for very oblique waves. Blue arrows indicate accretion, the black arrow shows the incident wave angle.
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Figure 5.23: Bathymetry of the Sand Motor on March 2013.
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Figure 5.24: Bathymetry of the Sand Motor on April 2013.
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Figure 5.25: Aerial photography of the Sand Motor on 27" of March 2013. The presence of oblique sand bars at
the head is indicated by the location of wave breaking. Source: http://www.flickr.com/zandmotor
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Aspects controlling the development of the Sand Motor

The development of the Sand Motor is highly dependent on the longshore sediment
transport rates, as they define how fast the feature will be eroded and the sediment will
spread along the coast. This chapter discusses the following relevant aspects affecting the

sediment transport magnitudes and patterns along the Sand Motor:

e Tide (horizontal and vertical)
e Curvature of the coastline

e Sediment sizes

Horizontal and vertical tide

The tide can influence the sediment transport in two different ways: through changes
in water level (vertical tide) or due to the tidal currents (horizontal tide). In this section, the
effect of horizontal tide is assessed by comparing results of a simulation without tidal
currents, but with constant water level representative of different instants of the tidal cycle,
with the results of the original simulations.

It was found that for southwest waves the flood tide (that is in the same direction as
the wave-driven longshore current) increases the sediment transport at the head of the Sand
Motor significantly (Figure 6.1), while the ebb tide reduces the sediment transport (Figure
6.2), as in this case the tidal current is in the opposite direction of the wave-driven longshore
current. Along the straight coast the effect is less significant. This difference in the response
is probably due to the contraction of the tidal flow at the head of the Sand Motor as found in
the work of Pekkeriet (2011).

The tidal currents influence the net sediment transport rates in 2 ways: first,
strengthening (or weakening) the wave-driven longshore current and second, generating a
significant suspended sediment transport at larger depths where the waves no longer
transport sediments. This is clearly expressed in the cross-shore distribution of the longshore
sediment transport (Figure 6.3): the simulation without tide shows negligible transport for
depths larger than 8 meters. Thereby, when the wave-driven longshore current and the tidal
flow are in opposite directions the net sediment transport is not only reduced because there is
a reduction of the currents but especially due to the generation of an important gross
transport component in the direction of the tidal flow (Figure 6.4).

In the case of north waves, the wave-driven longshore current is in the same direction
of the ebb tide, therefore, the sediment transport is enhanced by ebb currents and reduced by

flood currents (Figures 6.5 and 6.6). However, the increase in the sediment transport is not as
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significant as the latter case (SW waves and flood tide), as ebb velocities are considerably
smaller than the flood velocities. Nevertheless, the flood tide has a significant influence in the
net sediment transport, as during periods of high flood velocities the transport due to tidal

currents overcome the wave-driven transport (Figure 6.6).
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Figure 6.1: Instantaneous net longshore sediment transport through shore-normal transects at flood tide induced by
southwest waves (225°). Transects range from 1 to -8 metres water depth. Upper panel: net sediment
transport for simulation with tide (blue line) and without tide but with constant water level of +1.42 m (black
line). Lower panel: bathymetric contours and location of the transects. Arrows show the directions and
magnitude of the net sediment transport for the two simulations (values are shown in the upper panel).
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Figure 6.2: Instantaneous net longshore sediment transport through shore-normal transects at ebb tide induced by
southwest waves (225°). Transects range from 1 to -8 metres water depth. Upper panel: net sediment
transport for simulation with tide (blue line) and without tide but with constant water level of -0.55 m (black
line). Lower panel: bathymetric contours and location of the transects. Arrows show the directions and
magnitude of the net sediment transport for the two simulations (values are shown in the upper panel).
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Figure 6.3: Instantaneous depth averaged longshore sediment transport through a shore-normal transect at the
head of the Sand Motor at ebb tide induced by southwest waves (225°). Upper panel: sediment transport
for simulation with tide (blue line) and without tide but with constant water level of -0.55 m (black line).

Lower panel: bottom profile and water level (blue line).
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6.4: Instantaneous longshore sediment transport rates through shore-normal transects induced by
southwest waves for the simulations with (left panel) and without tide (right panel). Results are from
simulations using the bathymetry from December 2012 and constant offshore wave conditions: Hs =3 m, T,
= 7 s and direction = 225° (paralel to the main coastline orientation).Lower panels: bathymetric contours
and location of transects. The arrows show net and gross sediment transport for the different simulations.
The upper panels show the intensity of the longshore sediment transport for each transect.
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Figure 6.5: Instantaneous net longshore sediment transport through shore-normal transects at ebb tide induced by
north waves (0°). Transects range from 1 to -8 metres water depth. Upper panel: net sediment transport for
simulation with tide (blue line) and without tide but with constant water level of -0.55 m (black line). Lower
panel: bathymetric contours and location of the transects. Arrows show the directions and magnitude of the
net sediment transport for the two simulations (values are shown in the upper panel).

60

Assessment of the variables influencing sediment transport at the Sand Motor



19 June 2013

LST [m*/h]

Cross-shore distance [km]

200

-200

-400 -

-600 L

— with tide

—— without tide

-
w

-

bt
3

o

Longshore distance [km]

Figure 6.6: Instantaneous net longshore sediment transport through shore-normal transects at flood tide induced
by north waves (0°). Transects range from 1 to -8 metres water depth. Upper panel: net sediment transport
for simulation with tide (blue line) and without tide but with constant water level of +1.42 m (black line).
Lower panel: bathymetric contours and location of the transects. Arrows show the directions and magnitude
of the net sediment transport for the two simulations (values are shown in the upper panel).
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Figure 6.7: Instantaneous longshore sediment transport rates through shore-normal transects induced by north
waves for the simulations with (left panel) and without tide (right panel). Results are from simulations using
the bathymetry from December 2012 and constant offshore wave conditions: Hs = 3 m, T, = 7 s and
direction = 0° (paralel to the main coastline orientation).Lower panels: bathymetric contours and location of
transects. The arrows show net and gross sediment transport for the different simulations. The upper
panels show the intensity of the longshore sediment transport for each transect..
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Curvature of the coastline

As discussed before, the curvature of the coastline can have a significant impact on
the longshore sediment transport patterns. First, the relative wave angle varies along the
coast, leading to different transport rates at each section of the Sand Motor for a constant
wave condition. Second, for the same stretch of coast, the transport rates also varies in time
for a constant wave condition, as the curvature is progressively changing. It is also important
to keep in mind that not only the curvature changes, but also the slope becomes less steep
as the profile tends to reach a more natural equilibrium profile (Figure 3.12).

In order to understand the effect of changing curvature in the sediment transport, the
net longshore sediment transport rates integrated over a tidal cycle were calculated for 53
cross-shore transects at the head of the Sand Motor, extending between +1.0 and -8.0
meters depth (an example is shown on Figure 6.8). A smoothed bathymetry was used in the
simulations, in an attempt to disregard the effects of the irregularities such as sand bars.
Figures 6.9, 6.10 and 6.11 show the net sediment transport through each of the transects (X-
axis) for the different bathymetries (Y-axis). The colors represent the magnitude of the
transport.

Due to the curvature of the coastline the longshore sediment transport rates show
alongshore variations as the relative wave angle of incidence is not constant along the coast.
In addition, as the curvature varies in time, the alongshore distribution of the sediment
transport is also expected to vary.

In the case of very obliqgue southwest waves, during the first surveys the sediment
transport was more uniform along the head with a maximum at the northern tip of the Sand
Motor where a sharp edge was present. As the coastline smoothed out the area of maximum
transport became narrower and shifted towards the center of the head of the Sand Motor
(Figure 6.9).

Normal incident waves (311°) generate a northward and a southward flow with
increasing sediment transport rates away from the point of flow separation (Figure 6.10). The
location where the sediment transport changes direction slightly varies on time. Nonetheless,
the effect of changing curvature is more evident at the tips of the Sand Motor where the
maximum transport rates are found. the magnitude of the sediment transport in this area
reduces with decreasing curvature, especially at the southern end.

The largest longshore sediment transport rates were found for northern waves (0°).
Similar to the situation for southwest waves the location of maximum transport was also
variable in time and the hot spots became narrower and more well defined as the curvature
changed (Figure 6.11).
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Figure 6.8: Location of the transects through which the sediment transport rates were calculated for the December
2012 bathymetry. As a matter of visualization not all transects are shown in the figure.
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Figure 6.9: Net longshore sediment transport through shore-normal transects along the head of the Sand Motor
integrated over a tidal cycle. Results are based on simulations for southwesterly (SW) wave conditions: Hs
=3 m, T, =7 s and direction = 225°. Approximate location of the transects is shown on figure 6.8.
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Figure 6.10: Net longshore sediment transport through shore-normal transects along the head of the Sand Motor
integrated over a tidal cycle. Results are based on simulations for westerly (W) wave conditions: Hs = 3 m,
T, = 7 s and direction = 311°. Approximate location of the transects is shown on figure 6.8. The red lines
show the location of changes in sediment transport direction.
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Figure 6.11: Net longshore sediment transport through shore-normal transects along the head of the Sand Motor
integrated over a tidal cycle. Results are based on simulations for northerly (N) wave conditions: Hs = 3 m,
T, =7 s and direction = 0°. Approximate location of the transects is shown on figure 6.8

In order to find a correlation between the longshore sediment transport rates and the
curvature of the coastline, the results shown in Figures 6.9, 6.10 and 6.11 were normalized by
the length of each transect and then averaged over all the transects for each survey.
Nevertheless, assessment must be done with caution, as other factors are involved, like the
bottom slope and/or other irregularities in the bathymetry, therefore, isolating the role of the
curvature is not straightforward. A decreasing trend can be observed, especially during the
first surveys (Figure 6.12), indicating that the longshore sediment transport rates decrease as
the curvature of the coastline decreases.

However it is important to remark that the slope was significantly steeper during that
period (Section 3.5) and the longshore sediment transport is highly dependent on the beach
slope, especially in the case of high waves. Using bulk longshore sediment transport
formulations to calculate the transport under different conditions, van Rijn & Boer (2006)
found that there is a significant increase in the longshore sediment transport rates for

increasing beach slope, but in the case of low waves (H  =1.0m) this increase is
counterbalanced by the decrease in transport due to the decrease in surf zone width. Based
on physical model experiments, Work & Rogers (1998) also found that beachfill lifetime is

inversely dependent on beach slope, confirming the relation between sediment transport and

beach slope.
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Figure 6.12: Average net longshore sediment transport rate per tidal cycle at the head of the Sand Motor over time
normalized by the transect length for two wave directions (225° and 0°). Wave conditions: Hs=3 m, T, = 7.
Upper panel: mean transect length for the different surveys. Lower panel: average bottom slope from the
different bathymetries used. It is important to notice that the Y-axes have different scales.
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Sediment size

The suspended and bed load longshore sediment transport through 53 shore-normal
transects at the head of the Sand Motor (from 1.0 to -8.0 meters depth, Figure 6.8) was
obtained for each considered median sediment diameter ranging from 215 ym to 500 pm.
Simulations were performed with normal incident waves (311°), which cause a flow
separation at the center of the Sand Motor and generation of a southward and northward
sediment transport components. Therefore, in order to make an better assessment of the
effect of the grain size in the longshore sediment transport, the transects were split between
the northern area (20 transects) and the southern area (28 transects). 5 transects at the
center of the head of the Sand Motor showed variations on the net sediment transport
direction between the different grain sizes, hence the results were used only when
considering the longshore distribution of the sediment transport.

Figure 6.13 shows the average values between the transects. As expected, the
longshore sediment transport decreases for increasing grain size, as finer particles are more
easily eroded and suspended due to their smaller settling velocities. This effect was even
more pronounced for smaller grain sizes, and a sediment transport decrease of about 50%
was observed between 215 ym and 300 um.

The two different transport modes (suspended and bed load) have different responses
to increasing grain size, however, the total sediment transport in the Sand Motor is dominated
by the suspended part and the decrease in sediment transport rates will be determined by
this mode.

It is important to remark that the grain size also defines the bottom slope, with steeper
slopes occurring for coarser sediments and gentler slopes for finer sediments. This causes an
opposite effect in the sediment transport rates, as steeper slopes lead to higher sediment
transport rates. Therefore, coarser grains would result in an decrease of the sediment
transport rate but it would also result in steeper beach slope and consequently an increase of
the transport.
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Figure 6.13: Average net longshore sediment transport rate through cross-shore transects at the head of the Sand
Motor (from 1.0 to -8.0 meters depth) integrated over a tidal cycle for different median sediment diameter
(D50). The upper panel shows the average sediment transport of 20 transects in the northern part
(northward directed transport, positive values) and the lower panel shows the results from 28 transects in
the southern area (southward directed transport, negative values). Blue line indicates suspended sediment
transport (left axis) and red line indicates bed load sediment transport (right axis). Results are based on
simulations with December 2012 bathymetry and wave conditions: Hs =3 m, T, = 7 s and direction = 311°

6.3.1 Sensitivity analysis

As the sediment transport rates are very dependent on the choice of the sediment
transport formulations, simulations were also carried out using two other formulae included in
Delft3D: van Rijn (1993) and Bijker (1971). Additional calculations were also made using the
bulk sediment transport expression (Equation 5.2) proposed by Kamphuis (1991).

The model showed to be very sensitive to the formula used. Differences of about 40%
in the longshore sediment transport estimated by the different formulae were found as well as
changes in the net sediment transport direction (Figure 6.14). Another interesting aspect is
that the differences between the formulae vary depending on the direction of the net sediment
transport. For instance, Bijker (1971) and TRANSPOR2004 give similar results for the
southward sediment transport, but predict significantly different the transport in the northward
direction (Figure 6.15). This is most probably related to the importance of the tidal currents in
each sediment transport formulation.

Despite the large discrepancies between the results of the different transport formulae
the sediment transport rates decreased for increasing grain size in all the cases, as expected.
Notwithstanding, the sensitivity of each formulae to the median sediment diameter varies,

especially for larger grain sizes. The median decrease in the sediment transport rate between
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215 ym and 300 ym was about 35% for the sediment formulae used in the model and 10%

for the Kamphuis expression (Figure 6.16).
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Figure 6.14: Net alongshore sediment transport rate through shore-normal transects along the head of the Sand
Motor integrated over a tidal cycle for the different sediment transport formulations. Results are based on
simulation using the December 2012 bathymetry, D50 = 215 um and offshore wave conditions: Hs=3 m, T,
=7 s and direction = 311° (shore normal waves).
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Figure 6.15: Average net longshore sediment transport rate through cross-shore transects at the head of the Sand
Motor (from 1.0 to -8.0 meters depth) integrated over a tidal cycle for different median sediment diameter
(D50) and different sediment transport formulations. The upper panel shows the average sediment
transport of 23 transects in the northern part (northward directed transport, positive values) and the lower
panel shows the results from 23 transects in the southern area (southward directed transport, negative
values). Results are based on simulations with December 2012 bathymetry and wave conditions: Hs = 3 m,
Tp =7 s and direction = 311°
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Figure 6.16: Relative longshore sediment transport rates for different median sediment diameter (D50) and
different sediment transport formulae. Values are the median between the ratio of transport rate for each
D50 relative to the transport rate using D50 = 215 um at each transect at the head of the Sand Motor.
Location of the transects in Figure 6.8. Results are based on simulations with December 2012 bathymetry
and constant offshore wave conditions: Hs = 3 m, T, = 7 s and direction = 311°. The pink line shows the
results based on the bulk longshore sediment transport rates calculated using the Kamphuis (1991)
formulation (equations 5.2 and 5.3).
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Conclusions

This study investigated different aspects of the morphological development of the
Sand Motor from its construction in August 2011 until April 2013. First, the evolution of the
sand bar system at the head of the Sand Motor was analyzed in order to understand the main
mechanisms shaping those features. Subsequently, a larger scale analysis was made, to
derive trends in the longshore sediment transport based on the changes in morphological

characteristics.

Sand bar system

Although sand bars are highly dynamic features, and changes in morphology are
expected to occur in a period of hours, the sand bar system at the Sand Motor seems to
persist between the surveys, that were undertaken every month. Another interesting aspect is
that obligue sand bars were found mostly during winter, when highly energetic conditions
prevailed, contrary to the hypothesis that three-dimensional bars are formed under milder
conditions.

One of the possible reasons is the coarser sediment found in the area, that would
require higher waves in order to be transported. The wave direction also plays a role and
three-dimensional sand bars can still persist under the action of higher normal incident
waves. On the other hand, the surveys show that under very oblique smaller waves the
features can diffuse. Another important aspect is the level of variability of the previous
bathymetry, i.e. how deeply imprinted are the features. In this sense, when well-defined bars
are present they will most probably persist, as they hamper the adaptation of the existing

morphology to the new hydrodynamic conditions.

Aspects controlling the development of the Sand Motor

Relevant aspects affecting the sediment transport magnitudes and patterns along the
Sand Motor were investigated through different schematized simulations. The variables
considered were: the tide, the curvature of the coastline and the sediment grain size.

The tide plays a key role in the sediment transport along the Sand Motor. The vertical
tide is essential for the bar dynamics as it determines the level of influence of the bathymetry
in the flow. When the water level is low the flow is more affected by the bathymetric

irregularities, increasing the meandering of the longshore current and formation of eddies and
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rip currents. High water levels reduce this effect, leading to a more uniform flow and
consequently hampering the formation of three-dimensional sand bars.

The horizontal tide has two different effects on the longshore sediment transport: it
intensifies (or reduces) the wave-driven longshore current and it generates a significant
suspended sediment transport at larger depths where the wave-driven longshore sediment
transport is negligible. When the wave-driven longshore current and the tidal flow are in
opposite directions the net sediment transport is not only reduced because there is a
reduction of the currents but mainly due to the generation of an important gross transport
component in the direction of the tidal flow. Along the straight coast the effect is less
significant, especially at the downdrift side of the tidal flow. This difference in the response is
probably due to the contraction of the tidal flow at the head of the Sand Motor and expansion
downdrift.

The curvature of the coastline defines the alongshore distribution of the longshore
sediment transport as the relative wave angle of incidence for each stretch of the coast is
variable in time. For obliqgue waves there is a focusing of the sediment transport at the center
of the head of the Sand Motor, that would lead to erosion in this area and sedimentation
downdrift.

The morphological evolution of the Sand Motor clearly influences the longshore
sediment transport rates and a decreasing trend is observed, being more intense during the
initial period when the slope and the curvature were more out of equilibrium. However, this
trend seems to stabilize after the first year, following the development of the coastline, that
reached a more stable shape. Although the curvature also affects the longshore sediment
transport rates, the effect of the bottom slope seems to have been dominant during the first
year of development. Notwithstanding, the effects of the curvature might prevail in the long-
term, after the bottom slope reaches an equilibrium.

Since its construction the median sediment diameter at the head of the Sand Motor
significantly increased. Natural processes seem to have caused coarsening of the local
sediments, due to selective erosion and possible bed armoring, consequently a reduction in
the rate of development of the Sand Motor is expected as the sediment transport decreases
for increasing grain size.

This study has shown that a combination of modelling and field observations lead to
very valuable insight and unique comparisons. This emphasizes the importance of field
observations, especially in the first period of a coastal intervention. Field observations
combined with schematized model simulations or hindcast simulations tell us much more

about the mechanisms that govern the dynamics in complex environments.
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Field observations provide a more accurate description of the system and give insight
in the main processes playing a role, as morphological changes can be related to the
hydrodynamic conditions. Modelling efforts alone would hardly predict the persistence of the
bars, that was clearly observed in the surveys.

On the other hand, numerical simulations enable the independent assessment of the
different aspects that might be influencing the hydrodynamics, that would not be possible
based only on field observations, which give a superimposed consequence of all the variables
involved. The effect of the tide could not be investigated without a numerical approach, as the

separation between the wave-driven and tidal transport based on field data is not feasible.
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Recommendations

Regarding the short-term behavior of the sand bar system, none of the simulated
events seems to have lead to the formation of the features observed in the subsequent
topographic surveys. Most probably the final bathymetry is a result of the combination /
sequence of different events and their interaction with the previous bathymetry. A better
assessment of the interaction between sand bars and driving forces would require data with a
higher sampling frequency, e.g. video images, as sand bars are highly dynamic features and
relevant changes occur in a period of a storm.

The Sand Motor is a very complex environment and its development is driven by
different mechanisms. The tide, the curvature of the coastline and the sediment grain size are
essential factors in order to understand its future behavior, however, for a better projection of
the future of the Sand Motor, simulations with more realistic scenarios should be made,
considering the actual sediment size distribution and the longer scale variability of the sand
bar system.

Another relevant aspect that deserves further investigation is the role of the bottom
slope in defining the longshore sediment transport rates. If either this effect was restricted to
the initial stage of the nourishment, when the slope is steeper than the natural one, or if it will
continue to be dominant after reaching an equilibrium is still unknown.

It is also important to remark that the median sediment size used in the simulations
was considerably smaller than the sediments found in the field (based on first findings of
sediment sampling), therefore the results of this work should be interpreted in a qualitative
way. The comparison between the different cases is still valid, but the absolute values need
further research.

The model showed a high sensitivity to the sediment transport formulations, especially
for coarser sediments. The TRANSPOR2004 formula, used in all simulations in this work,
seems to be very sensitive to the median grain size. Understanding all the variables and
parameters considered in each of the different formulae is crucial to make a wise choice of
the formulation to be used in the predictions.
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Figure 6.1: Instantaneous net longshore sediment transport through shore-normal transects at
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Figure 6.4: Instantaneous longshore sediment transport rates through shore-normal transects
induced by southwest waves for the simulations with (left panel) and without tide (right panel).
Results are from simulations using the bathymetry from December 2012 and constant
offshore wave conditions: Hs = 3 m, T, = 7 s and direction = 225° (paralel to the main
coastline orientation).Lower panels: bathymetric contours and location of transects. The
arrows show net and gross sediment transport for the different simulations. The upper panels
show the intensity of the longshore sediment transport for each transect. .............ccccceeeeeennn. 60

Figure 6.5: Instantaneous net longshore sediment transport through shore-normal transects at ebb
tide induced by north waves (0°). Transects range from 1 to -8 metres water depth. Upper
panel: net sediment transport for simulation with tide (blue line) and without tide but with
constant water level of -0.55 m (black line). Lower panel: bathymetric contours and location of
the transects. Arrows show the directions and magnitude of the net sediment transport for the
two simulations (values are shown in the upper panel).........cccoociiiiiii e, 60

Figure 6.6: Instantaneous net longshore sediment transport through shore-normal transects at
flood tide induced by north waves (0°). Transects range from 1 to -8 metres water depth.
Upper panel: net sediment transport for simulation with tide (blue line) and without tide but
with constant water level of +1.42 m (black line). Lower panel: bathymetric contours and
location of the transects. Arrows show the directions and magnitude of the net sediment
transport for the two simulations (values are shown in the upper panel). ....................oo. 61

Figure 6.7: Instantaneous longshore sediment transport rates through shore-normal transects
induced by north waves for the simulations with (left panel) and without tide (right panel).
Results are from simulations using the bathymetry from December 2012 and constant
offshore wave conditions: H; = 3 m, T, = 7 s and direction = 0° (paralel to the main coastline
orientation).Lower panels: bathymetric contours and location of transects. The arrows show
net and gross sediment transport for the different simulations. The upper panels show the
intensity of the longshore sediment transport for each transect............cccccovviieiiiiiiic s 61

Figure 6.8: Location of the transects through which the sediment transport rates were calculated
for the December 2012 bathymetry. As a matter of visualization not all transects are shown in
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Figure 6.9: Net longshore sediment transport through shore-normal transects along the head of
the Sand Motor integrated over a tidal cycle. Results are based on simulations for
southwesterly (SW) wave conditions: Hs = 3 m, T, = 7 s and direction = 225°. Approximate
location of the transects is ShOWN 0N fiQUIre 6.8.........ccoviiiiiiiiiiiiie e 63

Figure 6.10: Net longshore sediment transport through shore-normal transects along the head of
the Sand Motor integrated over a tidal cycle. Results are based on simulations for westerly
(W) wave conditions: Hs = 3 m, T, = 7 s and direction = 311°. Approximate location of the
transects is shown on figure 6.8. The red lines show the location of changes in sediment
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Figure 6.11: Net longshore sediment transport through shore-normal transects along the head of
the Sand Motor integrated over a tidal cycle. Results are based on simulations for northerly
(N) wave conditions: Hs = 3 m, T, = 7 s and direction = 0°. Approximate location of the
transects iS SHOWN ON fIQUIE 6.8 ........eiiii i r e e e e e e e eeee s 64

Figure 6.12: Average net longshore sediment transport rate per tidal cycle at the head of the Sand
Motor over time normalized by the transect length for two wave directions (225° and 0°).
Wave conditions: Hs = 3 m, T, = 7. Upper panel: mean transect length for the different
surveys. Lower panel: average bottom slope from the different bathymetries used. It is
important to notice that the Y-axes have different scales..........cccccoiiiiiiiiiiiiie 65
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Figure 6.13: Average net longshore sediment transport rate through cross-shore transects at the
head of the Sand Motor (from 1.0 to -8.0 meters depth) integrated over a tidal cycle for
different median sediment diameter (D50). The upper panel shows the average sediment
transport of 20 transects in the northern part (northward directed transport, positive values)
and the lower panel shows the results from 28 transects in the southern area (southward
directed transport, negative values). Blue line indicates suspended sediment transport (left
axis) and red line indicates bed load sediment transport (right axis). Results are based on
simulations with December 2012 bathymetry and wave conditions: Hs =3 m, T, = 7 s and
Lo LT g=Tol o] B o I PP O TR PRSPPI PPRPPR 67

Figure 6.14: Net alongshore sediment transport rate through shore-normal transects along the
head of the Sand Motor integrated over a tidal cycle for the different sediment transport
formulations. Results are based on simulation using the December 2012 bathymetry, D50 =
215 pym and offshore wave conditions: Hs = 3 m, T, = 7 s and direction = 311° (shore normal
L2z V=) PP ERPR 68

Figure 6.15: Average net longshore sediment transport rate through cross-shore transects at the
head of the Sand Motor (from 1.0 to -8.0 meters depth) integrated over a tidal cycle for
different median sediment diameter (D50) and different sediment transport formulations. The
upper panel shows the average sediment transport of 23 transects in the northern part
(northward directed transport, positive values) and the lower panel shows the results from 23
transects in the southern area (southward directed transport, negative values). Results are
based on simulations with December 2012 bathymetry and wave conditions: Hs =3 m, T, =7
SI= gL o [T =Tt o T B I PRSP 68

Figure 6.16: Relative longshore sediment transport rates for different median sediment diameter
(D50) and different sediment transport formulae. Values are the median between the ratio of
transport rate for each D50 relative to the transport rate using D50 = 215 ym at each transect
at the head of the Sand Motor. Location of the transects in Figure 6.8. Results are based on
simulations with December 2012 bathymetry and constant offshore wave conditions: Hg = 3
m, T, = 7 s and direction = 311°. The pink line shows the results based on the bulk longshore
sediment transport rates calculated using the Kamphuis (1991) formulation (equations 5.2
= g o ST ) SRS 69
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Appendix A: Bathymetric evolution of the Sand Motor

Monthly bottom topography surveys were performed since the completion of the Sand

Motor. Results of the surveys from 3" of August 2011 until 28" of April 2013 are shown

hereafter. Discussion of the evolution of the sand bar system is presented on Section 3.4.
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Appendix B: Hydrodynamic conditions of the simulated
scenarios

For the hindcast of selected hydrodynamic events, hourly measured hydrodynamic
data was used as input in the numerical model. Wave height, period and direction and water
levels were obtained from Rijkswaterstaat, wind speed and direction was provided by the
Royal Netherlands Meteorological Institute (KNMI). Wind and wave datasets are from the
Europlatform station and water levels are from Scheveningen station (location of the stations
on Figure 3.2). An explanation of each scenario is given in Section 4.3.
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Figure B.1: Time series of hydrodynamic conditions for scenario 1.
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Figure B.2: Time series of hydrodynamic conditions for scenario 2.
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Figure B.3: Time series of hydrodynamic conditions for scenario 3.
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